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d) encodes an antigenic polypeptide having at least 12 amino acid residues; or 

e) is synthetically produced. 

REMARKS 

Status of the Application: and the Present Amendment 

Claims 1-17 are pending and stand rejected in the application. With entry of 
this amendment, claims 8 and 1 1 have been canceled without prejudice, and claims 1, 3, 4, 10, 
16, and 17 have been amended. Claims 3, 16, and 17 have been amended for improved clarity 
or to correct typographical errors. Claims 1, 4, and 10 have been amended to delete certain 
claim elements or to recite larger numbers of contiguous nucleotides (i.e., narrowing claim 
scope). Support for the amendment is provided in the specification, e.g., at Col. 13, lines 7-19. 
No new matter has been introduced by the amendments. 

The following remarks addresses issues raised in the instant Office Action. 

Claim Objections 

Claim 17 was objected to because of repetition of the verb "is." Applicant has 
herewith amended the claim by deleting the redundant wording. 

Claims 1, 3, 4, 8-1 1, 13, and 17 were objected to because some claim 
amendments previously presented were in bold font. The Examiner requested that clarification 
be made with respect to the significance of the bold font. In response, Applicant points out 
that the bond type was used to highlight words added and was merely for ease of reference. 
All currently pending claims are reproduced below without using bold font for inserted words. 

Rejections under 35 U.S.C. 101 and 35 U.S.C. 112. 1st Paraeraph 

Claims 1-17 are rejected under 35 U.S.C. 101 as allegedly lacking apparent or 
disclosed patentable utility. The claims are also rejected under 35 U.S.C. 1 12, first paragraph, 
on the same grounds. Specifically, the Examiner acknowledges that the application has 
disclosed a novel isolated DNA encoding a protein and the protein encoded by the DNA. 
However, the Examiner says that the specification does not disclose the biological role of the 
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protein or its significance. The Examiner states that the claimed IL-B30 sequences have been 

isolated because of its similarity to known proteins, but that sequence-to-function methods of 

assigning protein function are prone to errors. The Examiner further states that until some 

actual and specific significance can be attributed to the IL-B30 protein, the invention is 

incomplete. The Examiner concludes that there is no immediately obvious patentable uses for 

the IL-B30 molecules. This rejection is respectfully traversed for the reasons stated below. 

Applicant notes that the Commentary on the Utility Examination Guidelines, 

Federal Register, 66 (4) 1092-1099, at 1096 (Jan. 5, 2001), states that "[w]hen a class of 

proteins is defined such that the members share a specific, substantial, and credible utility, the 

reasonable assignment of a new protein to the class of sufficiently conserved proteins would 

impute the same specific, substantial, and credible utility to the assigned protein." Rejecting 

suggestions to adopt a per se rule rejecting homology-based assertions of utility, the 

Commentary further states that: 

A patent examiner must accept a utility asserted by an applicant unless 
the Office has evidence or sound scientific reasoning to rebut the 
assertion. The examiner's decision must be supported by a 
preponderance of all the evidence of record. In re Oetiker, 977 F.2d 
1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 1992). More 
specifically, when a patent application claiming a nucleic acid asserts a 
specific, substantial, and credible utility, and bases the assertion upon 
homology to existing nucleic acids or proteins having an accepted 
utility, the asserted utility must be accepted bv the examiner unless the 
Office has sufficient evidence or sound scientific reasoning to rebut such 
an assertion . [Utility Examination Guidelines, Federal Register 66 (4) at 
page 1096; emphasis added] 

As detailed below, Applicant has disclosed patentable utility in the present 
application that is substantial, specific, and credible. In addition, the Office only cites to a few 
references which suggest that in general homology-based assignment of function may not 
always be accurate. However, no concrete evidence specific to IL-B30 was provided in the 
Office Action to rebut or contradict Applicant's teachings. To the contrary, following the 
present disclosure, peer reviewed reports later confirmed and experimentally verified the 
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utilities disclosed in the subject specification. Further, there is additional real- world uses of the 
claimed sequences that would have been readily apparent to the skilled persons. 



1. The specification discloses patentable utility 

In the instant case, Applicant has provided in the specification the amino acid 
sequences and DNA sequences encoding human and other mammalian IL-B30 cytokines. The 
specification also disclosed the structural similarities between IL-B30 and other members of 
the long chain cytokines, e.g., members of the IL-6 family of cytokines. The IL-6 cytokine 
family includes cytokines such as IL-6, IL-1 1, IL-12, and G-CSF (see, e.g., page 21, lines 18- 
21). It was well know in the art that the these cytokines share certain similar functions in 
mediating cellular activities. Thus, due to their structural similarities with IL-B30, one would 
reasonably conclude that IL-B30 would be involved in similar biological activities. 

The present invention has disclosed patentable utilities that are certainly 
substantial, specific, and credible. For example, the specification disclosed that IL-B30 could 
act as functional or receptor antagonists, e.g., binding to cytokine receptors and regulating 
immune responses mediated by the cytokine receptors (see, e.g., pages 15, lines 1-8), and that 
the different cytokine receptor complex could share certain components with an IL-B30 
receptor complex (page 50, lines 19-25). From these disclosures, it would be readily apparent 
to a skilled artisan that IL-B30 polypeptides and nucleic acids can be useful for screening for 
modulators of the other cytokines (e.g., members of the IL-6 cytokine family) and their 
receptors. In addition, as taught in the specification, IL-B30 can also be useful to identify and 
isolate novel cytokine receptors (pages 49-50). Besides the biological functions of IL-B30 as 
disclosed in the specification, the present inventors further taught that IL-B30 can be useful in 
the treatment of abnormal medical conditions, including immune disorders, e.g., T cell immune 
deficiencies, chronic inflammation, or tissue rejection, or in cardiovascular or 
neurophysiological conditions (see, e.g., pages 15, lines 8-15; and pages 40-41). 

The Office cites to Doerks et al., Brenner et al., and Bork et al. in maintaining 
the instant rejections. However, these references at most suggest that, in general, function 
assignment based on sequence homology may not always be accurate. Unlike what is required 
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under the Utility Guidelines to sustain a lack of utility rejection, these references do not 
provide scientific evidence that is specific to IL-B30 in order to dispute or contradict the 
utilities disclosed in Applicant's invention. Applicants further notes that the Office apparently 
takes the position that only actual experimental data on the disclosed activities of IL-B30 
would satisfy the utility requirement. However, such is not the legal test for patentable utility 
that is illustrated by the Commentary on the Utilities Guidelines quoted above. 

2. The Specification details how to make use of the disclosed utilities 

In addition to the patentable utilities discussed above, the present disclosure also 
provided guidance for one to make use of and experimentally confirm the disclosed utilities. 
Thus, the present disclosure is not limited to the hypothetical functions of IL-B30 based on its 
homology to other cytokines, as alleged in the Office Action. Rather, the present invention 
also disclosed specifically how to make use of the utilities. For example, Applicant has taught 
specifically how to assay expression level of IL-B30 in various human and mouse cell types, 
e.g., macrophages, Thl cells, and dendritic cells (see, e.g., pages 53-59). The specification 
also taught that elevated expression levels of IL-B30 detected with these assays would indicate 
that IL-B30 plays a role in inflammation, a regulation or effector role in T helper subsets, 
particularly Thl immune responses, and a role in antigen presentation or germinal center T or 
B cell interactions with DC (see, page 56, lines 23-29). The specification further taught how to 
experimentally examine other biological functions of IL-B30 as disclosed in the present 
invention (pages 61-64). For example, the specification provides detailed procedures for one 
to assay effects of IL-B30 on cytokine production (e.g., page 62) or peripheral blood 
mononuclear cell proliferation (e.g., page 63). Significantly, as discussed below, employing 
substantially the same the assays and procedures as disclosed in the specification, later 
published studies demonstrated experimentally the various biological functions of IL-B30. 

3. Published reports confirmed the disclosed utilities bv following the present disclosure 

A number of post-filing publications confirmed and experimentally verified the 
utilities of the subject invention. For example, these studies found that IL-30B, now termed 



J. FERNANDO ftz AN PATENT 
Application No.: 09/935,366 
Page 7 



IL-23 pl9 subunit, associates with subunits of other known cytokines, binds to cytokine 
receptors, and regulates immune responses. Specifically, Oppmann et al. (Immunity, 13:715- 
25, 2000, copy attached) reported that IL-B30 is structurally and evolutionary related to the 
other long chain cytokines (see, e.g., Figure 1) and also showed their functional similarities. 
Specifically, this reference reported that IL-23, composed of IL-B30 and IL-12p40, has certain 
biological activities similar to IL-12 (a member of the IL-6 cytokine family). It demonstrated 
that activated dendritic cells secrete detectable levels of IL-23, that IL-23 binds to IL-12 
receptor and also activates Stat4 in PHA blast T cells, and that IL-23 stimulates IFN-gamma 
production and proliferation in PHA blast T cells, as well as in CD45RO (memory) T cells. 
Similarly, Wiekowski et al., J. Immunol, 166: 7563-70, 2001 (copy attached) reported that IL- 
B30 plays a role in multiorgan systemic inflammation, ranting, infertility, and premature death 
in transgenic mice. The data reported in this reference confirm that IL-B30 shares biological 
properties with IL-6, IL-12, and G-CSF (see, e.g., Table III on page 7569), as taught in the 
present invention. 

It is important to note that, in confirming utilities of the present invention, these 
published studies all employed the same or similar methods and assays as described in the 
subject specification. As such, Applicant submits that these post-filing publications provide 
additional support that the utilities of IL-B30 as disclosed in the subject specification are 
indeed specific and credible. 

4. Additional real-world utilities that would have been apparent 

In addition to the above-discussed utilities specifically set forth in the 
specification, the skilled artisans would readily appreciate the other credible, substantial, and 
real-world utilities of the present invention. For example, the novel polynucleotide sequences 
identified by the present inventors can be readily applied in polynucleotide array technology. 
Polynucleotide arrays are commercially available and have been widely used by the skilled 
persons in the art. Such arrays typically contain oligonucleotide or cDNA probes to allow 
detection of large numbers of mRNAs within a mixture. They are often used to study 
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differential gene expression and to analyze candidate drugs for roles in modulation of a disease 
state. 

Thus, the IL-B30 sequences are useful for inclusion on a GeneChip™ array or 
the like together with probes containing a variety of other genes. With increased diversity of 
probe sequences, the modified arrays provide improved tools for the various applications of 
polynucleotide arrays. For example, such arrays can be used for expression monitoring, 
especially during cell differentiation or other related cellular processes. The modified arrays 
can be used to compare expression profiles between different tissues or between different 
conditions of the same tissue (healthy vs. diseased or drug-treated vs. control) to identify 
differentially expressed transcripts. The differentially expressed transcripts are then useful, 
e.g., for diagnosis of disease states, or to characterize responses of drugs. No one would doubt 
that such applications of the present invention constitute credible, substantial, and real-world 
utilities. 

For all of the reasons stated above, it is submitted that the present invention has 
disclosed patentable utilities that are substantial, specific, and credible. Accordingly, 
Applicant respectfully requests that the instant rejection be withdrawn. 

Rejections under 35 U.S.C. 1 12. second paragraph 

Claim 3 is rejected as allegedly indefinite in the recitation of "or" and "and." 
The claim has been amended herewith. The amended claim now makes it clear that the 
claimed sequences encode "c" and hybridize to "a" or "b". 

Claim 16 is rejected as allegedly vague and indefinite because it is not clear 
whether all the limitations are together or in the alternative. In response, Applicant has 
amended claim 16 by adding "or" at the end of claim element (c). Such amendment makes it 
clear that claim elements (a)-(d) are in the alternative. 

Applicant thanks the Examiner for his careful reviewing of the claims. In light 
of the above-discussed claim amendments and clarifications, Applicant submits that there is no 
indefiniteness in the presently pending claims. Withdrawal of the rejections under 35 U.S.C. 
112, second paragraph, is respectfully requested. 
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CONCLUSION 

In view of the foregoing, Applicant believes all claims now pending in this 
Application are in condition for allowance. The issuance of a formal Notice of Allowance at 
an early date is respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of 
this application, please telephone the undersigned at 650-326-2400. 



Respectfully submitted, 




Hugh Wang 
Reg. No. 47,163 
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A ppendix. Marked-up Version of All Pending Claims 

(claims unamended herewith appear in small font) 

1 . (Twice Amended) An isolated or recombinant polynucleotide 
encoding an antigenic polypeptide comprising: 

a) at least [40] 132 contiguous amino acids from a mature coding portion of 
SEQIDNO:2; 

b) at least 17 contiguous amino acids from a mature coding portion of SEQ ID 

NO: 4; or 

c) at least [17] 30 contiguous amino acids from a mature coding portion of SEQ 

ID NO: 5. 

2. The polynucleotide of claim 1, encoding a mature polypeptide of: 

a) SEQ ID NO: 2; 

b) SEQ ID NO: 4; or 

c) SEQ ID NO: 5. 

3. (Amended) The polynucleotide of claim 1, which encodes amino 
residues 155-164 of SEP ID NO: 2 and hybridizes under stringent wash conditions of at least 
65°C, less than about 150 mM salt to the complement of: 

a) the open reading frame of SEQ ID NO; 1 ; or 

b) the open reading frame of SEQ ID NO: 3 [; and 

c) encodes amino residues 155-164 of SEQ ID NO: 2]. 

4. (Twice Amended) An isolated or recombinant polynucleotide 
encoding an antigenic polypeptide comprising [: 

a) at least 67 contiguous nucleotides of a coding portion of SEQ ID NO: 1, 
wherein said contiguous nucleotides are from nucleotides 466-555 of SEQ ID NO: 1; or 

b) ] at least 67 contiguous nucleotides of a coding portion of SEQ ID NO: 3, 
wherein said contiguous nucleotides are from nucleotides 580-670 of SEQ ID NO: 3. 



PATENT 



5. A recombinant or expression vector comprising said polynucleotide of claim 1. 

6. An isolated host cell comprising said expression vector of claim 5. 

7. A method of making an antigenic polypeptide comprising expressing said recombinant 
polynucleotide of claim 1 and isolating said polypeptide, thereby making said antigenic polypeptide. 

9. Said polynucleotide of claim lb), wherein said contiguous amino acids number 20, 30, 

35, or 40. 

10. (Twice Amended) Said polynucleotide of claim lc), wherein said 
contiguous amino acids number [20, 30,] 35, or 40. 

12. Said polynucleotide of claim 2, that is a variant due to the degeneracy of the genetic 

code. 

13. The polynucleotide of claim 3, wherein said wash conditions are 

a) at least 70°C; 

b) less than about 100 mM salt; or 

c) both a) and b). 

14. The polynucleotide of claim 3, wherein said wash conditions 

a) are at least 50% formamide; 

b) are less than about 100 mM salt; or 

c) are both a) andb). 

15. The polynucleotide of claim 1, that: 

a) encodes the mature polypeptide of SEQ ID NO: 2, 4, or 5; or 

b) comprises the mature coding portion of SEQ ID NO: 1 or 3. 

16. (Amended) The polynucleotide of claim 2, wherein said 
polynucleotide: 
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a) encodes a polypeptide with a natural sequence of the mature coding portion 
ofSEQIDNO:2or4; 

b) is isolated from nature; 

c) encodes a polypeptide comprising five or fewer conservative substitutions 
from a natural sequence of SEQ ID NO: 2 or 4; or 

d) encodes a polypeptide comprising five or fewer conservative substitutions 
from a natural sequence of SEQ ID NO: 4. 

1 7. (Amended) The polynucleotide of claim 3, which [is] : 

a) is attached to a solid substrate; 

b) is detectably labeled; 

c) is in a sterile composition; 

d) encodes an antigenic polypeptide having at least 12 amino acid residues; or 

e) is synthetically produced. 
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Novel p19 Protein Engages IL-12p40 to Form 
a Cytokine, IL-23, with Biological Activities 
Similar as Well as Distinct from IL-12 



Birgit Oppmann,t Robin Lesley,t Bianca Blom, 
Jackie C. Timans, Yuming Xu, Brisdell Huirte, 
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Rene de Waal-Malefyt, Charles Hannutn, 
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Summary 

A novel sequence discovered in a computational 
screen appears distantly related to the, p35 subunit 
of IL-12. This factor, which we term p19, shows no 
biological activity by itself; instead, it combines with 
the p40 subunit of IL-12 to form a novel, biologically 
active, composite cytokine, which we term IL-23. Acti- 
vated dendritic cells secrete detectable levels of this 
complex. IL-23 binds to IL-12RP1 but fails to engage 
IL-12R02; nonetheless, IL-23 activates Stat4 in PHA 
blast T cells. IL-23 induces strong proliferation of 
mouse memory (CD4 + CD45Rb tow ) T cells, a unique ac- 
tivity of IL-23 as IL-12 has no effect on this cell popula- 
tion. Similar to IL-12, human IL-23 stimulates IFN-7 
production and proliferation in PHA blast T cells, as 
well as in CD45RO (memory) T cells. 

Introduction 

The proliferation, differentiation, and effector functions 
of Immune cells are regulated in part by a network of 
soluble protein factors. Discrete families of these mole- 
. cules have been identified by sequence and structural 
analysis. Within the diverse set of sampled protein folds, 
the four-a helix bundle topology uniquely distinguishes 
members of the hematopoietic cytokine family (Rozwar- 
ski et al., 1 994). Among the members of this large family, 
a further clustering is evident Within these subfamilies, 
members often display faint but significant stretches 
of amino acid similarity that are indicative of a closer 
evolutionary and functional relationship. 

A particularly important subfamily of helical cytokines 
encompasses a set of factors that are related to interleu- 
kin-6 (1L-6). These now include IL-1 1 , leukemia inhibitory 
factor (UF), oncostatin M (OSM), cardiotrophin-1 (CT-1), 
ciliary neurotrophic factor (CNTF), and novel-neuro- 
trophin-1 (NNT-1). This group of cytokines exhibits a 
wide range of often overlapping biological functions that 
are transmitted via multichain cell surface receptors, 
which are typically formed by high-affinity, cytokine- 
specif! receptor chains and lower-affinity, signal-trans- 

*To whom correspondence should be addressed (e-mail: kasteleln 
dnax.org). 

t These authors contributed equally to this work. 



duclng chains. The presence of shared signal-transduc- 
ing receptors offers an explanation for the overlapping 
functions of IL-6-like cytokines. 

Two other IL-6-like cytokines, G-CSF and the p35 
subunit of IL-12, signal through private superfamily re- 
ceptors. Within this outlier group, G-CSF is a biologically 
active protein that binds directly to a specific, signal- 
transducing G-CSFR. By contrast, IL-1 2p35 is not active 
on its own and instead forms part of a composite factor 
with a chain known as p40 (Kobayashi et al., 1989). 
Whereas p35 shows homology to the IL-6-type cyto- 
kines and G-CSF, p40 Is a soluble member of the cyto- 
kine receptor superfamily. Only the composite p35p40 
IL-12 molecule was found to display biological activity, 
although a p40 homodimer may function as an IL-12 
antagonist by competing for the IL-12 receptor (Gatety 
etaJ., 1996). 

IL-12 plays a critical role in cell-mediated immunity 
(Gately et al. v 1 998; Trinchieri, 1 995, 1 998). Its activities 
are triggered through a high-affinity receptor complex 
that gathers two closely related subunits, IL-1 2Rp1 and 
p2 (Chua et al., 1995; Presky et al., 1996b). Although no 
evidence exists for IL-12 receptor promiscuity, the p35 
subunit has been suggested to bind to a second soluble 
cytokine receptor called EBI3 (Devergne et al. v 1997). 
However, no biological activity has been reported for 
the p35-EBI3 pair. By contrast, phenotypic differences 
between IL-12 p40-deficlent mice and IL-12 p35-deft- 
cient mice with respect to the clearance of bacterial 
infections (Decken et al., 1 998; Brombacher et al., 1 999) 
invite the possibility that p40 is involved in functional 
complexes with molecules other than p35. 

In this report, we describe a novel helical cytokine 
that was identified by searching sequence databases 
with a computationally derived profile of IL-6 subfamily 
structures. This protein was designated p1 9, represent- 
ing its approximate molecular weight We further show 
that p1 9 Is part of a novel composite factor that consists 
of a disulfide-bridged complex between p1 9 and the p40 
subunit of IL-1 2. This novel p1 9p40 complex is naturally 
expressed by activated mouse and human dendrtti 
cells and has biological activities that are similar to but 
distinct from IL-12. These activities result from interac- 
tion of the p19p40 complex with IL-12R01 and an addi- 
tional, novel receptor subunit 

Results 

p19 Was Identified Computationally 
We searched sequence databases with a computation- 
ally derived profile (Gribskov et at, 1987) of members 
of the lnterleukin-6 (IL-6) helical cytokine family. This 
search led to identification of a novel cytokine, which 
we named p1 9. The p1 9 cONA sequences encode 1 89/196 
amin acid polypeptides (human and mouse, respec- 
tiv ly) corresponding to mature proteins with calculated 
molecular weights of 18.7 and 19.8 kDa. Both proteins 
contain fiv cystein residues and n N-glycosylati n 
sites. Human and mouse p1 9 are 70% id ntical and most 
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Rgurel. Alignment of Amino Acid Sequences for Selected Members of the Long Chain a-HeOcal Cytokine FamDy 

(A) Sequences for all cytokines are shown as mature peptides (human p35, GenBank accession number B389S7; mouse p35, NP.032377; 
human IL-6, P05231; mouse IL-6, P08505; human G-CSF, NP.000750; and mouse G-CSF, NP_034101). The alignment Is based on the 
overlapping structures of IL-6 (PDB entry code 1U6) and G-CSF (PDB entry code 1 rhg). Thea heBces of hlL-6 and hQ-CSF are boxed according 
to their secondary structures. The four helices predicted for pi 9 and p35 are labeled A. B, C, and D. The two disulfide bonds In IL-6 and 
Q-CSF are numbered 1 and 2. Closed triangle indicates the position of 25 additional amino acids In human and mouse p35, not shown in the 
alignment, but that likely pack against the helix bundle. The amino acid coloring scheme depicts chemically similar residues: green (hydropho- 
bic), red (acidic), blue (basic), yellow (C), orange (aromatic), black (structure breaking), and gray (smafl). 

(B) Evolutionary dendrogram of selected cytokines, showing the branching pattern that captures the various IL-d-fike subgroups. The tree is 
rooted by lectin. 



closely related to IL-1 2p35, IL-6, and Q-CSF (Figure 1 A). 
An evolutionary dendrogram shows p1 9 and IL-1 2p35 
as closest neighbors (Figure 1B). 

p19 and IL-12p40 Form a Novel C mp site Factor 
The presence of a signal peptid suggested that p19 
would be secreted wh n xpressed in mammalian cells. 
However, upon tran fecti n of 293T cell with tagged 
f rms f human r mouse p19, only a small amount of 
mouse (Figure 2B, Ian 2) but n t the human protein 



(Figure 2A, lane 2) could be immunoprecipitated from 
the supernatant Both proteins could be detected in the 
cellular lysates of transf ected cells, indicating inefficient 
secretion (data not shown). mp19 transf ection superna- 
tant or semipurified mp19 protein was inactive when 
analyzed in various bioassays (data not shown). W next 
investigated the possibility that p1 9 is part of a compos- 
it factor like IL-1 2 (Gubler et al. t 1 991 ; Wolf et al. t 1 991) 
and requires coexpression with a partner protein to be 
ffici ntly secreted. p1 9 was coexpressed with various 
nonsignaling receptors of the IL-6 family, including 
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Figure 2. IL-12p40 and p19 Form a Soluble 
Disuffide-Unked Heterodlmer 
(A and B) 293T cells were transiently trans- 
fected with empty vector (lanes 1 and 5) or 
expression vectors for p1 9-Flag (lanes 2 and 
6), IL-12 p40 (lanes 3 and 7), or both (lanes 4 
and 8). Twenty-four hours after transfecoon, 
ceOs were metaboDcaDy labeled for 1 6 hr, and 
proteins were tmmunoprecipitated from su- 
pernatant with anti-Flag agarose or p40-spe- 
cific antibodies coupled to protein Q sepha- 
rose. Immunoprecipitation of the human (A) 
and the mouse (B) pt9p40 complex. 
(C and D) Nonreduced followed by reduced 
SDS-PAGE on mouse p19p40 supernatant 
purified from adenovirus colnfected 293T 
cells by heparin chromatography. (C) Silver 
stained get (D) Anti-mp19 Western blot Mo- 
lecular weight markers are indicated in kDa. 
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tagged forms of EBI3, soluble IL-6R, NR6 (CLF-1), and 
IL-12p40. Among these molecules, only the coexpres- 
slon of p19 and IL-12p40 led to enhanced secretion of 
p19 (Rgure 2, lanes 4 and 8). Moreover, both proteins 
were coimmunoprecipitated with antibodies against ei- 
ther tagged p19 or p40 (anti-Rag or anti-p40, respec- 
tively), indicating that p19 and IL-12p40 form a soluble 
cytokine/receptor complex similar to that of IL-12 
p35p40. A small amount of mp19 migrates at a slightly 
higher molecular weight (Rgure 2B). The higher band 
could result from O-linked glycosylation. Several poten- 
tial O-linked glycosylation sites are predicted (Hansen et 
al., 1 998). To investigate whether p1 9p40 is a disurfide- 
linked heterodimer like IL-1 2, the complex was purified 
from adenovirus p19 and p40 colnfected 293 cells and 
analyzed on two-dimensional SDS gels. Silver staining 
of the gel showed the presence of p19p40 disufflde- 
linked heterodimer in addition to free p40 monomers 
and dimers (Rgure 2C). The identity of the mouse pi 9 
spot on the silver stained gel was confirmed by anti- 
mp19 Western blot (Rgure 2D). 

Natural p19p40 Is Expressed by Activated 
Dendritic Cells 

Expression analysis of mouse cDNA libraries showed 
the presence of p19 mRNA in various tissues and cell 
types (Rgure 3A). Highest mRNA levels were found in 
polarized Th1 cells and activated macrophages. We 
could not detect p19 mRNA in bone marrow-derived 
dendritic cells. In contrast, both mouse and human den- 
dritic cells derived from peripheral blood monocytes 
express high levels of p1 9 mRNA (Rgure 3B).M nocyte- 
derived dendritic cells cultured in GM-CSF and IL-4 and 
activated via CD40 f r 2 days also express high levels 
of p40 mRNA and to a lesser ext nt p35 mRNA (Rgure 
3B).W analyzed natural p1 9p40 in th supematants f 
activated mouse and human dendritic cells. Mouse and 



human dendritic cells derived from peripheral blood ad- 
herent cells were stimulated with GM-CSF and IL-4 for 
5 days. After culture with TNFa, LPS, and anti-CD40 
antibody for 2 days, the culture supernatant was har- 
vested. A native mouse p19p40 complex could be de- 
tected in a sandwich EUSA (Rgure 4A) as well as by 
SDS-PAGE/anti-mp19 Western blot (Rgure 4B). Simi- 
larly, a native human p1 9p40 complex was Immunopre- 
cipitated from activated human DC with anti-hp40 mAb. 
The precipitate was resolved on IEF/SDS-PAGE 2D gels 
(Rgure 4D) and compared to the patterns obtained with 
similar precipitates from specific 293T cell cotransfec- 
tion experiments (Rgure 4C). 

p19p40 Specifically Acta on Mouse Memory T Cells 
To investigate the biological effects of the p1 9p40 com- 
plex, we initially engineered a soluble tagged fusion pro- 
tein by flexibly linking the mouse p40 chain to mouse 
p19 (Hy-p40-p19). This chimeric molecule follows the 
design of the "hyper-IL-e" cytokine (IL-6Ra-IL-«, (R- 
scher et al., 1997) that shows greater solution stability, 
presumably because the cytokine and its cognate re- 
ceptor domains are closely tethered and form a compos- 
ite binding surface for the cellular receptors. A similar 
p40-p35 fusion protein shows specific activity identical 
to native IL-1 2 (Anderson et al., 1 997). For our biological 
studies, we have used both mouse and human Hy-p40- 
p19 proteins. Experiments were also performed with 
conditioned medium of p19p40 cotransfected cells or 
adeno colnfected cells with identical results, Rrst, we 
investigated the role of the Hy-p40-p19 on CD4 + T 
cell subsets In comparison to IL-12. Naiv T cells 
(CD4+CD45RB - *) and memory/activated T cells 
(CD4 + CD45RB tow ) were sorted from IL-1 0-deficient mice, 
which have elevated levels of memory T cells compared 
to wild-type mice (Davidson et al., 2000). The T cell 
subsets were stimulated with anti-CD3 mAb for 5 days 
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Figures. Distribution of Mouse p19, IL-12p35, and IL-1 2p40 mRNA 
In Various Tissues and CeO Types 

(A) Quantitative PCR on various mouse libraries. (B) Quantitative 
PCR on human cultured dendritic cells. Dendritic cells were derived 
from human monocytes cultured bi GM-CSF and IL-4 for 6 days 
and activated for 2 days In coculture with CD40L transfected Leeds. 
Total RNA was isolated and analyzed for expression of p19, IL- 
1 2p40, and IL-1 2p35 mRNA by using the Taqman technique. mRNA 
levels are expressed In fg per 50 ng of cDNA. 



Rgure 4. Natural p1 9p40 Heterodimer In Activated Mouse and Hu- 
man Dendritic CeO Supematants 

DC supematants and control medium were concentrated prior to 
detection by EUSA or tmmunoprecipitatlon (IP). 

(A) Sandwich EUSA on activated (open circles) and Immature 
(closed circles) mouse DC supernatant Medium (open squares), 
1000 ng/ml IL-1 2 (open diamonds), and 100 ng/mj Hy-p40-p19 
(closed squares) were used as controls. Plates were coated with 
mp19-8pecmc mAb 20C10. Bound cytokine was detected with bio- 
tinylated anti-mp40 mAb and HRP-streptavidJn. 

(B) Detection of mouse DC-produced p19 by Western Mot Control 
medium and DC supernatant were treated with rat antf-mp40 and 
botype control beads, respectively. Blotted protein was detected 
with rat anti-mp19 mAb 10A11 and HRP-conJugated anti-rat an- 
tibody. 

(C) IEF/SDS-PAQE 2D gels of human IL-1 2 p35p40 (left) and p1 9p40 
(right) from 293T c o tr ans fec t ed cetts. 

(D) Human Immature (left) and activated (right) dendritic ceil super- 



in the presence of anti-IL-2 mAb and various amounts 
of IL-1 2 or Hy-p40-p1 9. Upon stimulation in the presence 
of IL-1 2, naive (CD4 + CD45RB N *') but not memory T cells 
(CD4+CD45RB 10 *) proliferated (Figure 5A). In contrast, 
Hy-p40-p19 protein had no effect on naive T cells but 
strongly induced proliferation of memory T cells. The 
stimulatory effect on the memory T cells was 100-fold 
lower in the presence of a neutralizing antML-1 2p40 
antibody. Th sam proliferative signal could be induced 
by stimulation with conditioned medium of p19p40 co- 
transfected cells (Rgure 5B). Similar results were ob- 
tained with memory T ceils from wild-type mice; how- 
ver, their response to Hy-p40-p1 9 was always less than 
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RgureS. p1 9p40 Stimulates the ProfiferatJon 
of Mouse Activated/Memory T Cells but Not 
Naive T Cells 

(A) Sorted CD4+CD45RB 1 * or CD4+ 
CD45RB 1 "" T cells were cultured with plate- 
bound antf-CDS mAb. Anti-IL-2 mAb (1 00 i&o/ 
mO was added to aO ceD cultures. Mouse IL- 
1 2 or purified mouse Hy-p40-p1 9 was titrated 
Into the cultures, ± antWL-12{p40) mAb (250 
jxg/mQ. [3Hp"dR Incorporation (counts per mi- 
nute) was assessed after 5 days of culture. 
Data are mean ± 8D of triplicate wetts and 
are representative of three experiments. 

(B) Sorted CD4+CD45RB 1 "- sfmOarly treated. 
Purified mouse Hy-p40-p19 (started at 600 
ng/nrd) or supernatant from 293T eels cotrans- 
fected with p19 and p40 (started at 5% by 
volume) was titrated Into the culture, ± srrti- 
IL-1 2(p40) mAb (250 (to/mQ. [3H]TdR Incorpo- 
ration (counts per minute) was assessed after 
6 days of culture. Data are mean ± SD of 
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the response of T cells from IL-10-deficient mice (data 
not shown). 

p19p40 Acts on Human Memory and Naive T Cells 
We next analyzed the ability of human Hy-p40-p19 to 
Induce proliferation and IFN-7 production in human PHA 
blast T cells. Hy-p40-p1 9 significantly enhanced the pro- 
duction of IFN-7 by 7-day-old PHA blasts activated by 
plate-bound anti-CD3 and soluble anti-CD28 mAbs (Fig- 
ure 6A). The maximal levels of IFN-7 production induced 
by saturating amounts of Hy-p40-p19 were lower com- 
pared to those induced by saturating amounts of IL-1 2. 
The IFN-7 enhancing effects of both Hy-p40-p19 and 
IL-1 2 could be blocked by arrti-IL-1 2R01 or anti-p407 
p70 antibodies. However, the anti-p35 antibody only 
blocked the IFN-7 production induced by IL-1 2 and not 
that Induced by Hy-p40-p19. The low level IL-4 produc- 
tion by PHA blasts was not affected by Hy-p40-p19 or 
IL-1 2 (data not shown). Hy-p40-p1 9 and IL-1 2 enhanced 
the proliferation of PHA blasts (Figure 6B). Again, the 
effects of Hy-p40-p1 9 on proliferation could be blocked 
by anti-IL-12R01 or anti-p40/p70 but not by anti-p35 
antibodies. 

We also compared the activity of Hy-p40-p1 9 and IL- 
12 on CD45RA (naive) and CD45RO (m mory) T cell 
populations isolated from PBMC. FACS-sorted CD45RA 
or CD45RO T cells were activated by plate-b und anti- 
CDS antibodies and solubl anti-CD28 mAbs In th ab- 
sence r presence of Hy-p40-p1 9, IL-1 2, or IL-2. Acti- 



vated CD45RA T cells did not produce IFN-7 in the ab- 
sence of Hy-p40-p1 9 or IL-1 2, whereas CD45RO T cells 
produced moderate amounts at day 3 and day 6 (Figure 
6C). Addition of Hy-p40-p19 to these cultures did not 
enhance IFN-7 production by CD45RA T cells at 3 days 
after activation but caused a modest Increase in IFN-7 
production at day 6. In contrast, Hy-p40-p19 enhanced 
IFN-7 production by CD45RO T cells at both day 3 and 
day 6 after activation. Addition of IL-1 2 slightly enhanced 
production of IFN-7 by CD45RA T cells at day 3 but 
induced a significant increase at day 6, which is in agree- 
ment with the previously described requirement for 
upregulation of IL-12R02 expression on naive T cells 
(Rogge et al., 1997). In addition, IL-1 2 significantly en- 
hanced the production of IFN-7 by CD45RO T ceils at 
both day 3 and day 6. Expression of IFN-7 was in ail 
cases strongly dependent on the endogenous produc- 
tion of IL-2 since neutralization with anti-IL-2 and artti- 
IL-2Ra mAbs abolished it completely (data not shown). 
Neither Hy-p40-p1 9 nor IL-1 2 induced IFN-7 production 
by CD45RA or CD46RO T cells in the absence of activa- 
tion by anti-CD3 and anti-CD28 mAbs (data not shown). 

Similar to the experiments in the mouse, Hy-p40-p19 
induced a more pronounced effect on proliferation of 
CD45RO T cells as compared to CD45RA T cells at day 
6 after activation in the absence of ndogenous IL-2 
(Figure 6D). However, both CD45RA and CD45ROT cells 
could respond to IL-1 2 under these conditions. These re- 
sults indicate that Hy-p40-p1 9 acts on human CD45RO 
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Figure 6. p19p40 Stimulates the IFN-y Pro- 
duction and the Proliferation of Human PHA 
Blasts and Activated/Memory T Cede 

(A) PHA blasts were derived from cultured 
PBMC in PHA (0.1 pQfath and IL-2 (10 U/mL)- 
containing medium. After 7 days, ceOs were 
stimulated for 60 hr with 40 ng/ml hHy-p40- 
p19or1 ng/mllL-12and1 |ig/ml soluble arrb- 
CD28 In 96-weU plates coated with 10 hq/ 
ml antl-CD3 mAb. IFN-7 was measured by 
EUSA. 

(B) Remaining ceOs were then pulsed with 
1 jtCvweU ^thymidine (NEN) for 6 hr, and 
incorporation of ^-thymidine was deter- 
mined by scintillation counting. AO blocking 
antibodies and Isotype controls were used at 
10 i&g/mL 

(C and D) p19p40 has a more prono u n ce d 
effect on human CD45RO (rnemory) than on 
CD45RA (naive) T ceBs. FACS-purtfted 
CD45RA and CD45RO T cells were cultured 
on anti-CD3 (1 0 jig/ml) and anti-CD28 (1 ^g/mQ coated 96-weD plates and stimulated with 40 ng/ml hHy-p1 9-p40, 1 ng/ml IL-1 2 (R&D Systems), 
or 100 U/ml IL-2 (R&D Systems) for 60 or 136 hr. IFN-7 production (C) and proliferation (D) were determined as in (A) and (B). 





m mory T cells and on CD45RA naive T cells but on 
the latter population only after a prolonged activation 
period. 

Hy-p40-p19 Binds to IL-12R01 but Not to IL-12R02 
To investigate the molecular basis of the effects de- 
scribed above, we analyzed the signaling receptors 
used by p1 9p40. Ba/F3 cells were infected with retroviral 
constructs encoding human or mouse forms of IL-1 2R01 
or -p2 (Gubler and Presky, 1 996; Wu et al., 1 996) (Figure 
7). Bs/F3 cells expressing hlL-12Rpi bound human Hy- 
p40-p19 and hlL-12 (Rgure 7A). Binding of mouse Hy- 
p40-p19 could be detected only on cells expressing 
the IL-12R01 but not on cells expressing the IL-1 2 Rp 2 
(Figures 7B and 7C). Ba/F3 cells tranfected with both 
receptor subunits proliferated in response to IL-1 2 but 
not upon addition of Hy-p40-p1 9 stimulation (Rgure 7D). 
Taken together, our data show that p19p40 and IL-1 2 
share IL-1 2Rp1 but not IL-1 2Rp2 in their respective sig- 
naling complexes. 

Hy-p40-19 Activates Stat4 

IL-1 2 stimulation results in the activation of Stat4 (Bacon 
t al. f 1995; Jacobson et al. f 1995). IL-12Rp2 has been 
identified as the subunit that links IL-1 2 signaling to 
Stat4 activation (Naeger et al., 1 999). Since p1 9p40 does 
not share this receptor with IL-1 2 but presumably uses 
its own unique receptor subunit in addition to IL-1 2Rpi , 
w asked whether p19p40 can activate StatA Hy-p40- 
p19 significantly induced the activation of Stat4 in hu- 
man PHA blast T cells (Figure 7E). The level of activation 
was always less than that observed with IL-1 2 stimula- 
tion, which Is in agreement with the lower levels of IFN-7 
induced by p19p40 in these cells. This result suggests 
that p1 9p40 is linked to the Stat4 signaling pathway. The 
identification of a specific p19p40 receptor is currently 
under Investigation. 

Discussion 

We describe a novel fourwx h lix cytokin called p19 
that is most closely related in structure to IL-1 2p35. This 



cytokine is also similar to IL-1 2p35 in other ways: (1 ) p1 9 
cosecretes with the p40 subunit of IL-1 2; (2) formation of 
biologically active p1 9p40 heterodimer requires synthe- 
sis of both subunits within the same cell; (3) the p19p40 
interaction is stabilized by an interchain disulfide bond; 
and (4) p1 9p40 binds to IL-1 2R01 , the p40-specffic com- 
ponent of IL-12R (Presky et al., 1996a). p19p40 differs 
from p35p40 in requiring an as yet unidentified trans- 
membrane receptor subunit to complete the p19p40 
signaling receptor complex. The identification of a re- 
ceptor common to both signaling complexes provides 
a molecular rationale for our finding that p1 9p40 shows 
both overlapping and unique functions in comparison 
with IL-1 2. The interieukin designation for p19p40 is 
interteukin-23. 

IL-1 2 p35p40 is mainly produced by monocytes, mac- 
rophages, and other antigen-presenting ceils. Similarly, 
p19p40 is produced by activated human and mouse 
dendritic cells. In fact, in the supernatant of activated 
human dendritic cells we find evidence for the simulta- 
neous production of both IL-1 2 and p19p40 heterodi- 
mers (Figures AC and 4D). Although p19 mRNA is ex- 
pressed in endothelial cells and polarized T ceils, p40 
is not found in these cells. The availability of functional 
IL-1 2 is also limited by the expression of p40 and not 
by p35, which is expressed in most cell types at low 
levels (D'Andrea et al., 1992). This suggests that func- 
tional expression of both composite factors is regulated 
in a similar fashion. p1 9 has no N-gtycosytation sites. 
In contrast, p35 is extensively posttranslationalty modi- 
fied by N-linked glycosylation. Recent studies show that 
these modifications of p35 are a required step in the 
secretion of the p35p40 complex (Carra et al., 2000). 
Secretion of p40 does not require such modifications. 
Since secretion of neither p40 nor p1 9 depends on the 
addition of N-linked oligosaccharides, It is possible that 
upon activation of antigen-presenting cells capable of 
producing both factors p19p40 is produced at earlier 
times. 

Our initial attempts to detect a biological activity for 
p19 by itself failed. Partially purified mouse p19 had no 
biological activity on Its own when tested in the same 
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Figure 7. The p19p40 Complex Binds to IL-12F^1 but Not to IL- 
12Rp2 and Activates Start 

Cells were Infected with retroviral supematants for 24-48 hr and 
then incubated with cytokines. Bound Hy-p40-p19 was detected 
using an anti-Flag mAb, bound IL-12 with antl-p40 mAb. 
(A) Ba/F3 cells expressing hlL-1 2R01 bind human Hy-p40-p19. Con- 
trols, no antibody and secondary antibody only; hlL-12, 1 t^g/ml; 
hHy-p40-p19 v 1 jig/mL 

(B and C) Ba/F3 ceDs expressing mlL-12RB1 but not mlL-12Ra2 
bind mouse Hy-p40-p19. (B) Controls, Ba/F3-rnlL-12RB1, no anti- 
body and secondary antibody only; Ba/F3-mlL-12R01, 1 pg/ml 
mouse Hy-p40-p1 9. (C) Control, Ba/F3-mlL-1 2Rp2, secondary anti- 
body only; mlL-12, 1 jig/ml; mouse Hy-p40-p19 t 1 i*g/mL 

(D) Ba/F3 ceOs expressing mIL-12R01 and &2 respond to IL-12 but 
not Hy-p40-p19. Cells were stimulated with varying cytokine con- 
centrations, and proliferation was measured as metabolic activity 
visualized by the reduction of a cotorlmetric REDOX indicator. 
(Closed circles) and (closed squares), stimulation of Ba/F3-IL- 
12R3102 with mlL-12 or mHy-p40-p19, respectively. 

(E) Hy-p40-p19 induces phosphorylation of Stat4. Day 3 PHA blasts 
were Incubated with medium, Hy-p40-p19 (1 ^g), IL-12 (50 ng), or 
IL-2 (1000 U) for 20 min and tysed. Stat4 Immunoprecipltates were 
run on denaturing gets, transferred and blotted with anti-phospho- 
tyrosine mAb 4G10, and stripped and reblotted wim antl-Stat4 mAb. 



in vitro assays that later identified p1 9p40 as the active 
complex (data not shown). Additionally, administration 
of p19 adenovirus to mice did not reveal a biological 
response. Similarly, transgenic mice expressing mouse 
p19 under the control of a liver-specific promoter 
showed no obvious abnormalities (M. Wiekowskl, un- 
published data). In contrast, transgenic mice expressing 
mouse p19 mRNA in multiple tissues display a striking 
phen typecharact rizedbyrunting,syst mic inflamma- 
tion, infertility, and premature death (M. Wl kowsW et 
al., unpublished data). M reover, this phenotype can 
be transf rred t irradiated mice transplanted wfth p19 
transgenic bone marrow cells indicating that h matopoi- 



tic cells from th bon marrow produce bl logically 
activ p19. Tog th r, these experim nts indicate that 
p19, ith r administered as protein r expressed via 
mRNA on its own, is not sufficient to elicit a biological 
response. 

In characterizing the biological activity of p19p40, we 
initially compared it to IL-12. IL-12 is a cofactor that 
synergtzes with IL-2 to enhance the proliferation, cyto- 
toxicity, and production of cytokines, in particular IFN-7, 
by T ceils and NK cells (Trinchleri, 1995; Gately et al. v 
1998). Furthermore, IL-12 induces the differentiation of 
naive T cells into Thl ceils (Hsleh et al., 1993; Manetti 
et al., 1993). Like IL-12, p19p40 enhanced proliferation 
and production of IFN-7 by activated human PHA blast 
T cells. The maximum levels of IFN-7 production induced 
by p1 9p40 were always lower than those induced by IL- 
12, even at saturating levels of the added cytokines. 
This characteristic may make p19p40 a more suitable 
entity to stimulate the cell-mediated immune response 
in cancer patients, as IL-12 administration leads to se- 
vere cytotoxicity associated with extremely high IFN-7 
levels in the serum of such patients (Leonard et al., 
1997). The immunoregulatory effects of p19p40 were 
also examined on CD4+ naive and memory Tceli subsets 
in both mice and human. In mice, p19p40 did not en- 
hance proliferation of IL-1 2-responsive naive CD45RB 
high cells. Similar observations were made on human 
CD45RA naive T cells. However, CD45RA T cells could 
respond to p19p40 by increasing production of IFN-7 
after prolonged stimulation. This might be explained If, 
like IL-12R02, the p19p40- specific receptor subunit is 
not present on freshly isolated naive T cells but is in- 
duced following TCR triggering. In contrast, both mouse 
and human memory T cells respond strongly to p1 9p40 
by enhanced proliferation and, in the case of human 
cells, by enhanced IFN-7 production. Interestingly, hu- 
man memory T cells but not mouse memory T cells were 
also very responsive to IL-1 2. This may represent a true 
species difference or more likely indicates that the sub- 
populations of T cells as defined by these CD45 isoforms 
are not equivalent 

IL-1 2 plays an important role In promoting cell-medi- 
ated immunity against microbial pathogens. Endoge- 
nous IL-1 2 is essential for the host defense against My- 
cobacterium tuberculosis, Leishmania major, Listeria 
monocytogenes, and Klebsiella pneumoniae, as deter- 
mined by neutralization with blocking antML-1 2 p40 an- 
tibodies (Tripp et al., 1994; Greenberger et al., 1996; 
Cooper et ah, 1 997; Mattner et al., 1 997). However, these 
same antibodies, as shown here, also block the activity 
of p19p40. Thus, studies using anti-p40 antibodies ad- 
dress the role of both IL-1 2 and p1 9p40. Analyses of IL- 
12p35- and IL-1 2p40-deficient mice have shown that 
p35-deficient mice are less susceptible to L monocyto- 
genes infection than p40-deficient mice (Brombacher 
et al., 1999); in addition, IL-12 p40-deflcient mice died 
earlier and developed higher organ burdens following 
infection by Cryptococcus neoformans than p35-defi- 
cient mice (Decken et al., 1998). Since p35-defteient 
mice are unable to produce IL-12 but should still be 
capable of making p19p40, this observati n suggests 
that p19p40 can contribute to clearance of Listeria and 
Cryptococcus and argues f r a protective role of pi 9p40 
in bacterial infection. Similarly, the phenotype of IL- 
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12Rpi-d fici nt mice is m re sev re than that of IL- 
1 2R02-d ficient mice (Wu et el, 1 997, 2000). In parti u- 
lar, IL-1 2Rpi animals are m re severely impaired in their 
ability t produc IFN-yf Mowing nd t xin administra- 
tion in vivo and following ConA or anti-CD3 activation 
of splenocytes in vitro. Together, these results indicate 
that elimination of both IL-1 2 and p19p40 pathways re- 
sults in a more severe disturbance of the immune system 
than loss of only IL-1 2 signaling. 

Although IL-1 2 plays a key role in the generation of 
protective immunity, it has also been implicated in the 
immunopathology of organ-specific autoimmune dis- 
eases in humans such as diabetes, arthritis, and Crohn's 
disease. Direct evidence that IL-1 2 plays a major role 
in generating Th1 -mediated diseases has been provided 
by rodent studies in which treatment with a neutralizing 
antML-1 2 mAb prevents the onset of diseases such as 
collagen-induced arthritis (Adorini et al. f 1997), experi- 
m ntal autoimmune encephalomyelitis (EAE) (Leonard 
et al., 1995), and chronic IBD (Blumberg et al., 1999). 
Because antibodies used in these studies block the 
function of both IL-1 2 and p19p40, these studies do 
not address the role of each individual factor in these 
diseases. Support for a unique role of p1 9p40 in chronic 
inflammation comes from our observation that p19p40 
has a much more pronounced effect on the proliferation 
f memory T cells isolated from IL-1 0-deficient mice with 
inflammatory bowel disease as compared to memory T 
c Us from wild-type mice or normal human donors. Thus, 
th greatly increased number of Th1 memory/activated 
cells present in chronically inflamed intestines and 
draining lymph nodes of IL-1 0-deficient mice may reflect 
th Ir selective expansion in response to p1 9p40 (David- 
son et al., 2000). The predominance of Th1 cells with a 
memory/activated phenotype has also been observed 
in chronic lesions of rodents with various forms of auto- 
immune disease (TNB-induced colitis, EAE, and colla- 
gen-induced arthritis). Whether p19p40 plays a critical 
rol in the maintenance and or function of these T cells 
remains to be determined. Thus, studies are in progress 
to establish the importance of p1 9p40 as a mediator of 
immunological disease and conversely, as a costimula- 
tor of protective immune responses. 

The discovery of p19p40 as a novel composite factor 
cl sely related to IL-1 2 in structure and with biological 
activities similar as well as distinct from IL-1 2 raises 
important issues. The anti-p40 antibodies used in critical 
studies to address the role of IL-1 2 in immunity and 
immunopathology do not discriminate between IL-1 2 
and p19p40. From the work presented here, as well as 
from studies based on mice deficient in either shared 
r unique IL-1 2 and p19p40 pathway components, evi- 
dence is emerging that the biological functions of 
P 1 9p40 and IL-1 2 are intimately related. We are currently 
focusing on the development of reagents to discriminate 
between the biological functions of p19p40 and IL-1 2 
and their specific contributions to Immunity and immu- 
nopathology. 

Experimental Procedures 

Identification off Human p19 

A structural alignment of available IL-6 family cytokine folds (CNTF, 
UF, IL-6, OSM, and GCSF) from FSSP (Holm and Sander, 1998) 



was profile aligned to other sequences (including distant species 
variants of the aforementioned cytokines, plus CT-1 , GPA, and viral 
IL-6's) with Ctustai X (Thompson et al, 1997) -with some manual 
adjustment A weighted profile (Thompson et al., 1 994) of the most 
conserved region of the fold, the C-termlnal D helix segment, an 
~40 amino acid block, was created. Fast scans of sequence data- 
bases on a Bioccelerator machine (Compugen, Tel Aviv, Israel) with 
the Profilesearch program (Gribskov et al., 1987) Identified two IM- 
AGE ESTs (AA1 8955 and AA41 8747) that were used for the computa- 
tional reconstruction of the human p19 sequence, and the cloning 
of to full-length cDNA. 

Identification of Mouse p19 

Based on a strong cross-species hybridization signal, pools of a 
RAW library (activated monocyte cell One) were generated and 
screened with a human p19 probe. The full-length 1353 bp cDNA 
encodes a 189 aa protein. Both human and mouse p19 cDNA se- 
quences have been deposited at GenBank (accession numbers 
AF30161 9 and AF301620). Identical sequences were deposited by 
Y. Hirata and Y. Kosuge (accession numbers NM.016585 and 
AB030001). 

Transient Transection, Metabolic Labeling, 
and Immunopreclprtation 

Cells (1 x 10} were transiently transfected with 5 empty vector 
or expression vectors encoding human or mouse forms of p19- 
N-Rag, IL-12p40, or both. Cells were cultured for 24 hr and then 
metaboflcally labeled for 1 6 hr with 50 p.Ci/ml Pro-mix L-fS] In vitro 
ceil labeling mix (Amersham Pharmacia) In cysteine/methionine free 
MEM. Proteins were precipitated from 300 *d supernatant with either 
the anti-Flag M2 agarose (Sigma), ant*-hp40/p70 antibody C8.6 
(Pharmingen), or ant»-mp40/p70 CI 7.8 (Genzyme) bound to protein 
G sepharose (Amersham Pharmacia). 



2D-PAGE 

For nonreducing/reduclng PAGE, purified p19p40 heterodfaner was 
run In two lanes of anonreduclngip% NuPage gel in MES running 
buffer (Novex). The lanes were excised, reduced In sample buffer 
containing DTT, laid horizontally on two-well 10% gels, and run 
reduced in a second dimension. One gel was silver stained (DaBchQ 
while the other was blotted to a PVDF membrane and developed 
using the mouse p19-specmc rat mAb 19A11 (1 »tg/mQ and the 
HRP-coupted sheep anti-rat Ig NA932 (Amersham). For isoelectric 
focusing, immunoprecipitated *S-labeled heterodimer was run on 
pH 3-10 immobfline drystrips (Amersham Pharmacia) followed by 
SDS-PAGE and autoradiography. 

Quantitation of mRNA Expression 

cDNAs from various libraries or cultured macrophages and dendritic 
ceils were prepared as described (Boiin et at, 1997) and used as 
temp4at08fcrt-quarrtttatrvePCR.rT^ 

for expression of p19, IL-12p35, or IL-12p40 by the fluorogenic 
S'-nudease PCR assay (Holland et el, 1991) using the ABI Prism 
7700 Sequence Detection System (Perkln-Bmer). Primers and 
probes for human and mouse IL-1 2p35 and IL-12p40 were obtained 
asTaqman PDAR's (PerMn-Ebner, Foster City, CA). Analysis of cDNA 
samples from cultured cells was corrected for expression of 18S 
rRNA using a VlC-iabeted probe (Perktn-Elmer, Foster City, CA) in 
multiplex reactions. 

Expression of mp19 IgG and E Tag Fusion Proteins 
A Hindlll-Xhoi fragment encoding the mp19 protein was Inserted 
Into a modified form of pCDM8 encoding a C-terminal hlgG fusion 
protein. A vector encoding E Tag fusion protein was similarly con- 
structed using pCDM8 (Priarmacia). Proteins were produced via 
transient transfection of COPS or 293 ceOa foitowed by affinity chro- 
matography purification via Protein A or Anti-€ Tag. The Etag fusion 
protein was blotted onto an PVDF membrane (0.2 ^m, Biorad, Her- 
cules, CA) and subjected to Edman aggradation. The derived se- 
quence was L-A-V-P-R-S-S-S-P-D, Indcating that the mature N-tar- 
mlnaJ mpl 9 residue is L20. 
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Development of Rat Anti-Mouse p10 MonociorialAntibodlea 
Rat anti-mouse p1 9 monoclonal antibodies (mAbs) were produced 
from splenocytes of a female 8-week-old Lewis rat (Harlan Sprague 
Dawley, Indianapolis, IN) Immunized with mouse p1 9:lg fusion pro- 
tein. The rat was primed with 50 m-9 of fusion protein In Complete 
Freund's Adjuvant and boosted three times. Splenocytes were fused 
with the mouse myeloma P3X63-AG8.653 using PEG 1500 (Boeh- 
ringer-Mannhelm). Hybrldoma supematants were screened in Indi- 
rect EUSA on PVC plates coated with 50 uJ of 0.5 jtg/ml p19:Etag 
fusion protein. Selected positive hybridoma lines were subdoned, 
grown in serum-free medium supplemented with SITE (Sigma), and 
purified. 

Purification of Natural Mouse end Human p19p40 Heterodimers 
Dendritic cell supematants and control medium were concentra t ed 
to 45x using Centriprep 10 concentrators (MUlipore). Immunopre- 
cipitations of recombinant and natural human p1 9p40 heterodimere 
were performed using goat-anti-mouse Ig beads preloaded with the 
mouse anti-hp4uVp70 antibody C8.6 (Phanmingen), whBe isotype- 
control beads contained mouse igG1 349,040 (Beckton-Dickinson). 
Mouse p19p40 heterodimers and fusion protein were detected in 
solution using a sandwich EUSA in which plates were coated with 
the p19-specffic monoclonal antibody 20C10, and detection was 
performed with the Wotinylated p40-8peciffc monoclonal antibody 
18482D (Pharmingen) and HRP-streptavidln 01 6-030-084 (Jackson). 
Mouse p19 Western blots were performed with the rat-anti-p19 
monoclona] antibody 19A11. 

Recombinant Adenovirus and Protein Production 
m19 cDNA and mlL-l2p40 cDNA were inserted separately Into the 
transfer vector pQB1-AdCMV5-GFP (Quantum Biotechnologies, 
Montreal, Canada) by PCR. Recombinant adenovirus was produced 
as described in Quantum applications manual 24AL98. Recombinant 
virus (mol 100 mp19 virus plus mol 1000 mp40 virus) were used to 
Infect 6 x 10*00118 In 1 LCMF-1 with culture In a Nunc Cell Factory 
(Naige Nunc, NapervOle, IL) for 3 days. The culture medium was 
clarified by centrifugation and filtered prior to application to a 1 
ml NHS-activated HiTrap (Pharmacte, Uppsala, Sweden) column 
coupled to 1 mg of mAb 20C10. The column was washed with 
PBS and eluted with 100 mM glycine (pH 3.0), and the eluate was 
immediately loaded onto a 4.6 x 100 mm Poros R2/H column (Per- 
Septive Blosystems, Cambridge, MA) with etutton via a 60 ml linear 
gradient from 20% to 50% acetonttrile/0.1% trifluoroacetic ackL 

Expression of Human and Mouse Hy-p40-p19 
Hindlll-Notl fragments were generated encoding the mature coding 
sequence of either human or mouse IL-1 2p40, followed by the syn- 
thetic linker GSGSSRGGSGSGGSGGGGSKL and by the mature 
coding sequence of either human or mouse p19. Fragments were 
inserted Into pFLAG-CMV-1 (Sigma). Proteins were produced via 
transient transfection of 293 cete followed by affinity chromatogra- 
phy purification via anti-FLAG M2-agarose (Sigma). 

Mouse T CeO. Proliferation Assay 

CD4+CD45RB W * or CD4+CD45RB*" T ceO subsets were purified 
from the spleen and mesenteric lymph nodes of >6- month-old IL- 
10~*- C57/B6 N12 mice as described (Davidson et el, 1998). Cefls 
were fractionated Into CD4 + CD45RB M * and C04+CD45RB'" cell 
populations by two-color sorting on a FACSTAR plus (Beckton 
Dickinson). AO populations were >99% pure upon reanalysis. 
CD4 + CD45RB tt * or CD4 + CD45RB to * were put Into a proliferation 
assay with plate-bound anti-CD3 (145.2C11) stimulation as de- 
scribed (Davidson et al, 1998). Additions to the growth media in- 
cluded antHL-2 mAb (JES6-1A12) 100 jig/ml, anti-IL-12(p40) mAb 
(C.17.8), 250 ^g/mi, IL-12 (R&D), purified recombinant Hy-p40-p19 t 
293T ceO supernatant containing mouse p19p40 heterodbner or 
mock supernatant. Cells were Incubated for 5 days In a humidified 
chamber (37°C, 5% COJ with pHJTdR (Amersham) added at a final 
concentration of 1 jtCI/weO for the last 24 hr of incubation. 

Cell Culture 

PBMC were Isolated from buffy coats of healthy donors (Stanford 
Blood Bank). Human monocytes were obtained from PBMC by nega- 



tive selection using Dynabeads M-450 (by Dynal A£.. Oslo. Norway). 
Purified monocyte populations (85%-90% C014+) were cultured In 
GM-CSF (600 U/ml) and IL-4 (300 U/ml) (Schering-Plough, Kena- 
worth, NJ) at 6 x 10 6 ceils/ml in RPMI + 1 0% FBS for 6 days, with 
a change of medium at day 3. At day 6, dendritic cells were induced 
to mature by coculture with irradiated (7000 rad) CD40 Ogand trans- 
fected L ceDs. LPS (1 ug/rrd), IFN-7 a 00 UAnQ, TNFa (100 U/ml) 
(R&D Systems), or combinations of these. 



PHA Blast Generation and Activation 

PHA blasts were derived by culture of PBMC in Yssefs medium 
with 0.1 »ig/mi PHA (WeUcome) at 10* ceOs/mL Cells were plated at 
a density of 2 x 10* cells per wed with or without 40 ng/ml hHy- 
p19-p40 or 1 ng/ml huiL-1 2 on a 96-wefl plate coated with 10 |ig/ 
ml anti-CD3 and 1 |ig/mL soluble anti-CD28. After 60 hr, IFN-7 
production was determined by EUSA. CeOs were then pulsed with 
1 nCi/wefl with »H-thymidine (NEN) for 6 hr, harvested, and Iricorpo- 
ration of 'H-thymldine determined. In blocking experiments, the fol- 
lowing antibodies were used: polyclonal goat anti-human IL12R01 
(R&D cat#AF839), mouse anti-human p40/p70 C8.6 (Phanningen 
cat»20510D), mouse anti-human p35 (DIACLONE cat*855.1 20.010), 
mouse anti-human p40 (Phairrdngen cat*20711D), polyclonal goat 
Ig (Jackson Immuno Research code 0055-000-003), and monoclonal 
mouse lgG1 (Pharmingen cat#20800D) as tsotype controls at 10 |ig/ 
ml Western blots were performed following InvriunopfBcipttatJon of 
PHA blast lysates with anti-stat4 mAb (UBI cat # 06-788) and blotting 
wttharitH>no8photyrosiro 
with anti-stat4. 



CD45RA/CD45RO T Cell Proliferation and IFN-7 Production 
FACS-purlfied CD45RA and CD45RO T cells (purity > 99%) were 
cuttui^atader»sityof4xirj 4 ceUa/^ 

coated with anti-C03 antibody at 10 ^g/ml and soluble anti-C028 
atl »ig/ml with or without 40 ng/mL hHy-p40-p19, 1 ng/mL hlL-12 
(R&D Systems), or 100 U/ml hlL-2 (R&D Systems). Anti-hlL-2 mAb 
17H12 and antf-hIL-2R Mab B-B10 (Diaclone) were added at 10 pg/ 
ml where Indicated. Cells were Incubated for 60 or 1 36 hr, and 100 
ul aliquots were collected to determine IFN-7 production fay EUSA. 
Prolifer a tion was measured as described for PHA blasts. 



FACS Analysis and Proliferation Assay 

Human IL-12R01 cDNA (kindly provided by Dr. Maopng Ma) was 
cloned in the retroviral vector pMX (Khamura, 1998). Ba/F3 ceils 
were Infected with retroviral supematants for 24-48 hr on petri 
dishes coated with 30 (to/ml recombinant fibronectln fragments 
(Retronectin, TaKaRa). Expression of hJL-1 2Rpi was detected using 
goat anti-hlL-1 2Rpi (R&D Systems) followed by phycoerythrin (PE>- 
conjugated donkey anti-goat IgG (Jackson Imrrwnoresearch). 
Mouse IL-12R01 and IL-12R02 cDNAs In pMX-lRES-EGFP were 
provided by A. O'Garra and L Showe (Showe et al, 1996; Heath 
et al., 2000). CeOs expressing both receptors were prep ar ed by 
colnfecticm wim bom retroviruses 

assessed by FACS. CeOs were incubated with 0-1 0 ftg/mt (0-1 68 nM) 
Hy-p40p19or0-1 ag/ml IL-1 2 for 30 mm on Ice, followed by a single 
wash. Bound Hy-p40p1 9 was detected using 1 0 jtg/ml anti-FLAG M2 
mAb (Sigma) followed by PE-conjugated anti-mouse IgG (Jackson 
ImmunoresearcrOt orbiottrrytated M2 (Sigma) followed by streptavi- 
din-PE (Pharmingen). Results were similar using the two procedures. 
Human IL-12 binding was detected using antHL-12p40 mAb C1 1.5 
(Pharmingen) followed by PE-conjugated goat anti-mouse IgG. 
Mouse IL-12 binding was detected using rat anti-mlL-12 (p40) mAb 
CI 7.1 5 (R&D Systems) followed by goat anti-rat IgG-PE (Jackson 
Imrmjnoresearch). Proliferation responses were measured as de- 
scribed (Ho et aL, 1993). 



Acknowledgments 

Wethank Deborah Ugett and Sylvia Lofor«yrrtr«wb±>go*gorwc^ 
tides,Terri McClanalianforprovio^ 

lana Antonenko, and Thomas J. Cradtek for technical support, and 




724 



Gary Burget and Maribei Andonlan for graphics help. DNAX is sup- 
ported by Schering Plough. 

Received June 13, 2000; revised October 3. 2000. 

References 

Adorin), L t Aloisi, F. t Galbtati, F., Gatety, M.K.. Gregori. S., Penna, 
a, Ria. F., Smirotdo, S.. and Trembleau, S. (1997). Targeting IL-12, 
the key cytokine driving Thl -mediated autoimmune diseases. Chem. 
Immunol 68, 176-197. 

Anderson, R.. Macdonald, I., Corbett, T., Hacking, G., Lowdell, M.W., 
and Prentice, H.G. (1 997). Construction and biological characteriza- 
tion of an lrrterteuWn-12 fusion protein (Ftexi-12): delivery to acute 
myeloid leukemic blasts using adeno-associated virus. Hum. Gene 
Ther. 8, 1126-1135. 

Bacon, CM., Petricotn, E.F. III, Ortaldo, J.R., Rees, R.C., Lamer, 
A.C., Johnston, J A, and O'Shea, J J. (1 995). Interieuktn 1 2 Induces 
tyrosine phosphorylation and activation of STAT4 In human lympho- 
cytes. Proc Natl Acad. Sd USA 92, 7307-7311. 
Blumberg, RS. t Saubermann, LJ., and Strober, W. (1999). Animal 
models of mucosal Inflammation and their relation to human Inflam- 
matory bowel disease. Cunr. Opin. Immunol. 77, 648-656. 
Bonn, L.M., McNeil, T., Luclan, LA., DeVaux, B., Franz-Bacon, K., 
Gorman, D.M., ZurawsW, S., Murray, R., and McClanahan, T.K. 
(1997). HNMP-1: a novel hematopoietic and neural membrane pro- 
tein differentially regulated In neural development and Injury. J. Neu- 
rosci. 77, 5493-6502. 

Brombacher, F., DorfmuDer, A., Magram, J., Dal, WJ., Kohler, a, 
Wunderfln, A., Palrrwr-Lehrnann, rC, Gatety, M.K., and Alber, a 
(1 999). IL-1 2 to dispensable for Innate and adaptive Immunity against 
low doses of Listeria monocytogenes. Int Immunol. 77, 325-332. 
Carra, a, Gerosa, F., and Trinchieri, G. (2000). Biosynthesis and 
posttran8latlonal regulation of human IL-1 2. J. Immunol 764, 4752- 
4761. 

Chua, A.O., Wilkinson, V.L, Presky, D.H., and Gubler, U. (199$). 
Cloning and characterization of a mouse IL-1 2 receptor-beta com- 
ponent. J. Immunol 755, 4286-4294. 

Cooper, A.M., Magram, J., Ferrante, J., and Orme, I.M. (1997). In- 
terieuMn 1 2 OL-1 2) is crucial to the development of protective immu- 
nity In mice intravenously infected with mycobacterium tuberculosis. 
J. Exp. Med. 166, 39-45. 

D* Andrea, A., Rengaraju, M„ Valiante, N.M., CheWrrU, J., Kubin, M., 
Asia, M., Chan, SJL, Kobayashl, M., Young, D., Nlckbarg, E., et al. 
(1992). Production of natural killer ceO stimulatory factor (interieuWn 
12) by peripheral blood mononuclear ceQs. J. Exp. Med. 776, 1387- 
1398. 

Davidson, N J., Hudak, S-A., Lesley, R.E., Menon, 8., Leach, M.W„ 
and Rermtek, D.M. (1998). IL-12, but not I FN -gamma, plays a major 
role In sustaining the chronic phase of colitis In IL-1 0-defident mice. 
J. Immunol 767, 3143-3149. 

Davidson, N J., Fort, M.M., Mutter, W., Leach, M.W., and Rermlck. 
D.M. (2000). Chronic coQtis In IL-10V- mice: Insufficient counter 
regulation of a Thl response. Int Rev. Immunol 79, 91-121. 
Decken, K., Kohler, G., Patmer-Lerunann, K., WunderBn, A., Mattner, 
F., Magram, J., Gatety, M.K., and Alber, G. 0998). lnterieukin-12 
is essential for a protective Thl response In mice Infected with 
Cryptococcus neoformans. Infect Inrtmun. 66, 4994-6000. 
Devergne, 0. t Btrkenbach, M^ and Kteff, E. (1997). Epstetn-Banr 
virus-induced gene 3 and the p35 subunft of tnterieukin 12 form a 
novel hetefodimeric hematopoietin. Proc Natl. Acad. Sol. USA 94, 
12041-12046. 

Fischer, M., Goldschmitt, J., FescheJ, C, Brakenhoff, J.P., KaJlen, 
KJ.. Wollmer, A., Grotzinger, J., and Rose-John, S. (1 997). I. A bioac- 
tlve designer cytokine for human hematopoietic progenitor ceO 
expansion. Nat BiotechnoL 75, 142-145. 

Gatery, MX, Carva}al, D.M., Connaughton, S.E., GiDessen, S., War- 
ner, R.R., Kolinsky, K.D„ VWDdnson, V.L, Dwyer, CM., Hlggfns, G.F., 
Jr., Podlaski, FJ., et el (1996). lnterieuWn-1 2 antagonist activity of 




mouse lnterieuktn-12 p40 homodimer in vitro and In vivo. Arm. NY 
Acad. Set. 795,1-12. 

Gatery, M.K., Renzetti, L.M., Magram, J., Stem, A.S., Adortnl, L, 
Gubler, U., and Presky, D.H. (1998). The irtterieukm-12/lnterleuktn- 
12-receptor system: role In normal and pathologic immune re- 
sponses. Artnu. Rev. ImmunoL 76, 495-521 . 
Greenberger. M J., Kunkel, S.L, Stricter, R.M.. Lukacs, N.W., Bram- 
son, J., Gauldie, J., Graham, F.L., Hitt, M., Danforth, J.M., and Standl- 
ford, T J. (1 996). IL-1 2 gene therapy protects mice in lethal Klebsiella 
pneumonia. J. Immunol. 757, 3006-3012. 
Gribskov, M., McLachlan, A.D., and Etoenberg, D. (1987). Profile 
analysis: detection of distantly related proteins. Proc. Natl. Acad. 
Sd USA 64, 4355-4358. 

Gubler, U., and Presky, D.H. (1996). Molecular biology of interieuktn- 

12 receptors. Am. NY Acad. Sd 795, 36-40. 

Gubler, U., Chua, A.O., Schoenhaut, D.S., Dwyer, CM., McComas, 

W., Motyka, R.. Nabavi, N., WoUtzky, A.G., Guinn, P.M., FamOetti, 

P.C., et al. (1991). Coexpresston of two distinct genes Is required 

to generate secreted bioactive cytotoxic lymphocyte maturation 

factor. Proc. Natl. Acad. ScL USA 66, 4143-4147. 

Hansen, J.E., Lund, O., Totstrup, N., Gootey, AJL, Wffllams, K.L, 

and Brunak, S. (1 998). NetOglyc: prediction of mucin type O-gtyco- 

8y1ation sites based on sequence context and surface accessfiriBty. 

GlycoconJ. J. 75, 115-130. 

Heath, VJ-, Showe, L, Cram, C, Barret, FJ., Trtnchleri, G., and 
O'Garra, A. (2000). Cutting edge: ectopic expression of the IL-12 , 
receptor-beta 2 in developing and committed Th2 cods does not 
affect the production of IL-4 or induce the production of IFN-gamma. 
J. Immunol. 764, 2861-2865. 

Ho, A.S., Uu, Y., Khan, TJL, Hsu, D.H., Bazan, J.F., and Moore, K.W. 
(1 993). A receptor for hterleukln 1 0 Is related to irrterferon receptors. 
Proc Natt. Acad. ScL USA 90, 11267-11271. 
Holland, P.M., Abramson, R.D., Watson, R., and Gotland, D.H. (1991). 
Detection of specific poryrnerase chain reaction product by utilizing 
the 5' —3' exonuclease activity of Therrnus aquabcua DNA polymer- 
ase. Proc. Nati. Acad. Scl USA 88, 7276-7280. 
Holm, U, and Sander, C. (1998). Touring protein fold space with 
Dall/FSSP, Nucleic Acids Res. 26, 316-316. 

Hsieh, C.S., Macatonia, S.E., Tripp, C.S., Wolf, S.F., O'Garra, A., and 
Murphy, K.M. 0993). Development off TH1 CD4+ T cells through IL- 
12 produced by Usterta-mduced rnacrophages. Science 260, 
547-649. 

Jacobson, N.G., Szabo, SJ., Weber-Nordt. R.M., Zhong, 2., 
Schreiber, R.D., DameO, J.E., Jr., and Murphy, K.M. (1995). Interteu- 
Mn 12 signaling In T helper type 1 (Th1 ) cells Involves tyrosine phos- 
phorylation of signal transducer^ 
and Stat4. J. Exp. Med. 787, 1755-1762. 

KHamura, T. (1998). New experimental a p proaches In retrovirus- 
medlated expression screening, tnt J. HematoL 67, 361-359. 
Kobayashl M„ Fttz L, Ryan, M., Hewtek, R.M., Clark, S.C., Chan, 
S., Loudon, R., Sherman, F., Perussia, B., and Trinchieri, Q. (198$). 
Identification and purification of natural kffler ceO stimulatory factor 
(NKSF), a cytokine with multiple biologic effects on human lympho- 
cytes. J. Exp. Med. 170, 827-845. 

Leonard, J.P., Sherman, M.L., Fisher, Q.L., Buchanan, LJ., Larsen, 
a, Atkins, M.B., Sosman, J.A., Dutcher, J.P., Vogebang, N J., and 
Ryan, J.L. (1997). Effects of single-dose lnterieukin-12 exposure on 
trtterteukin-1 2-assodated toxicity and Irterferon-gamma produc- 
tion. Blood 90, 2541-2548. 

Leonard, J.P., Waidburger, K.E, and Goldman, SJ. (1995). Preven- 
tion of experimental autoimmune encephalomyelitis by antibodies 
against irrtertoukin 12. J. Exp. Med. 767, 381-386. 
Manettt, R, ParroncW, P., GhidW, M.a, Piccmnl, M.P., Maggt, 
Trinchieri, a, and Romagnanl, S. (1993). Natural killer ceU stimula- 
tory factor (irrterieukin 12 PL-12D induces T helper type 1 (Thl)- 
specific immune responses and Inhibits the development of IL-4- 
producing Th ceils. J. Exp. Med. 777, 1199-1204. 
Mattner, F., Di Padova, K. f and Alber, a (1997). lnterieukin-12 is 



Novel Composite Factor pfiP^s Related to IL-12 
725 



indispensable for protective Immunity against Leishmanta major. 
Infect Immun. 65, 4378-4383. 

Naeger, L.K., McKinney, J., Salvekar, A., and Hoey, T. (1 999). Identifi- 
cation of a STAT4 binding site In the lnterieuWn-1 2 receptor required 
for signaling. J. Biol. Chem. 274, 1875-1 87& 
Presley, D.H., Minettl, LJ., QtDessen, S., GuWer, U., Chizzonite, R., 
Stem, A.S., and Gately, M.K. (1 996a). Evidence for multiple sites of 
interaction between IL-12 and its receptor. Ann. NY Acad. ScL 795, 
390-393. 

Presley, D.H., Yang, H., Minettl, LJ., Chua, A.O., Nabavl, N.i Wu, 

C. Y., Gately, M.K., and Gubter, U. (1 996b). A functional interteukin 1 2 
receptor complex Is composed of two beta- type cytokine receptor 
subunits. Proc. Nail. Acad. Set. USA 83, 14002-14007. 

Rogge, L, Barberis-Malno, U BffiT, M., Passim, N., Presky, D.H., 
Gubler, U., and Sinigagtia, F. 0997). Selective expression of an 
interleukin-12 receptor component by human T helper 1 cells. J. 
Exp. Med. 1 85, 825-631. 

Rozwarsld, OA., Gronenbom, A.M., Ciore, aM., Bazan, J.F., Bohm, 
A., Wlodawer, A., Hatada, M., and Karptus, PA (1994). Structural 
comparisons among the short-chain helical cytokines. Structure 2, 
159-173. 

Showe, L.C., Wysocka, M., Wang, B., UnemaivWUBams, D., Peritt, 

D. , Showe, M.K., and Trinchieri. a (1996). Structure of the mouse 
IL-12R beta 1 chain and regulation of its expression In BCG/LPS- 
treated mice. Ann. NY Acad. ScL 795, 413-416. 

Thompson, J.D., Higgins, D.G., and Gibson, TJ. (1994). CLUSTAL 
W: improving the sensitivity of progressive multiple sequence align- 
ment through sequence weighting, position-specific gap penalties 
and weight matrix choice. Nucleic Adds Res. 22, 4673-4680. 
Thompson, J.D., Gibson, TJ., Plewniak, F„ Jeanmougin, F., and 
Higgins, D.G. (1997). The CLUSTAUX windows Interface: flexible 
strategies for multiple sequence alignment aided by quality analysis 
tools. Nucleic Acids Res. 25, 4876-4882. 

Trinchieri, G. (1 995). lnterieuldn-1 2: a prolrrRammatory cytokine with 
Immurtoregulatory functions that bridge innate resistance and anti- 
gen-specific adaptive Immunity. Annu. Rev. Immunol. 13, 251-276. 
Trinchieri, a (1998)- lnterteuWn-12: a cytokine at the Interface of 
inflammation and immunity. Adv. Immunol 70, 63-243. 
Tripp, C.S., Gately, M.K., HaJdml, J., Ling, P., and Unanue, E.R. 
(1994). NeutraDzation of IL-12 decreases resistance to Listeria in 
SCID and C.B-17 mice. Reversal by IFN-gamma. J. Immunol. 752, 
1883-1887. 

Wolf, S.F., Temple, PA., Kobayashl, M., Young, D., Dicig, M., Lowe, 
L, DziaJo, R., Fltz, L, Ferenz, C, Hewtak. aM., et at (1991). Cloning 
of cONA for natural killer ceO stimulatory factor, a heterodimeric 
cytokine with multiple biologic effects on T and natural killer ceils. 
J. ImmunoL 146, 3074-3081. 

Wu, C.Y., Warrier, &R, Carvajai, D.M., Chua, A.O., Minettl, LJ., 
Chizzonite, R., MonginI, P.K., Stem, A.S., Gubler, U., Presky, D.H., 
and Gately, MX. (1990). Biological function and distribution of hu- 
man iriterieuktn-12 receptor beta chain. Eur. J. ImmunoL 26, 
346-350. 

Wu, C, Ferrante, J., Gately, M.K., and Magram, J. (1 997). Character- 
ization of IL-12 receptor betal chain (IL-1 2Rbeta1 HJeficient mice: 
IL-12Rbeta1 to an essential component of the functionaJ mouse IL- 
12 receptor. J. ImmunoL 153, 1658-1665. 
Wu, C.-Y., Wang, X., Presky, D.H., and Magram, J. (2000). IL-12 
receptor beta 2 (IL-1 2Rp2)-deficient mice bind IL-1 2 but are deficient 
in IL-12-mediated responses. FASEB J. 14, 1083. 

GenBank Accession Numbers 

The GenBank accession numbers for the human and mouse p1 9 
sequences reported In this paper are AF301619 and AF301620, re- 
spectively. 
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Ubiquitous Transgenic Expression of the IL-23 Subunit pl9 
Induces Multiorgan Inflammation, Runting, Infertility, and 
Premature Death 



Maria T. Wiekowski * Michael W. Leach/ EUen W. Evans/ Lee Sullivan,* Shu-Cheng Chen,* 
Galya Vassileva,* J. Fernando Bazan,* Daniel M. Gorman/ Robert A. Kastelein/ 
Satwant Narula,* and Sergio A. Lira 1 * 

pl9, a molecule structurally related to IL-6, G-CSF, and the p35 subunit of ILrl2, is a subunit of the recently discovered cytokine 
rLr-23. Here we show that expression of pl9 in multiple tissues of transgenic mice induced a striking phenotype characterized by 
minting, systemic inflammation, infertility, and death before 3 mo of age. Founder animals had infiltrates of lymphocytes and 
macrophages in skin, lung, liver, pancreas, and the digestive tract and were anemic. The serum concentrations of the proinflam- 
matory cytokines TNF-a and IL-1 were elevated, and the number of circulating neutrophils was increased. In addition, ubiquitous 
expression of pl9 resulted in constitutive expression of acute phase proteins in the liver. Surprisingly, liver-specific expression of 
p!9 failed to reproduce any of these abnormalities, suggesting specific requirements for production of biologically active pl9. Bone 
marrow transfer experiments showed that expression of pl9 by hemopoietic cells alone recapitulated the phenotype induced by 
its widespread expression, pointing to hemopoietic cells as the source of biologically active pl9. These findings indicate that pl9 
shares biological properties with IL-6, IL-12, and G-CSF and that cell-specific expression is required for its biological 
activity. The Journal of Immunology, 2001, 166: 7563-7570. 



Cytokines comprise a large family of secreted proteins that 
bind to and signal through defined cell surface receptors 
on a wide variety of target cells. Many cytokines share 
structural features and functions during development, immune re- 
sponse, or i nflamma tion. Searching the databases with a compu- 
tationally derived profile of IL-6, Opprnann et al. (1) have recently 
identified a novel protein and named it pl9. This molecule shares 
homology with members of the IL-67IL-12 family of cytokines, 
which includes IL-6, oncostatin M, LIF, ciliary neurotrophic fac- 
tor, cardiotrophin-1, novel neurotrophic 1, G-CSF, and p35. IL-6, 
IL-11, oncostatin M, LIF, ciliary neurotrophic factor, cardiotro- 
phin-1, and novel neurotrophin-1 elicit multiple overlapping bio- 
1 gical activities by signaling through specific receptors that share 
gpl30 as signal transducer. These biological acitivities include 
stimulation of acute phase responses, hemopoiesis, thrombopoie- 
sis, osteoclastogenesis, neuronal differentiation and survival, and 
cardiac hypertrophy (reviewed in Refs. 2-4). In contrast, G-CSF 
signals independently of gpl30 and induces neutrophilic granulo- 
cytosis in transgenic mice (5). The last member of this family is 
p35, a molecule that is itself apparently devoid of biological ac- 
tivity. However, when p35 associates with p40, a soluble member 
f the cytokine receptor supertamily, it forms a powerful cytokine, 
IL-12, that induces Thl differentiation and the release of IFN-y 
from Thl and NK cells (reviewed in Ref. 6). 
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To investigate the biological properties of pl9, we generated 
transgenic animals expressing it ubiquitously or in a tissue-specific 
fashion. Phenotypic analysis of these transgenic animals indicates 
mat pl9 has biological properties related to IL-6, G-CSF, and 
IL-12 and that its expression from hemopoietic cells is a prereq- 
uisite for its biological activity. 

Materials and Methods 

Transgene construction and microinjection 

A 0.5-kb cDNA encoding pl9 was cloned as an EcdRl fragment into an 
expression vector containing the human CMV enhancer/ chicken 0-actin 
promoter and the rabbit (J-globin polyadenytation signal (7). For liver spe- 
cific expression, the cDNA for pl9 was cloned into an expression vector 
containing the promoter for human a i -antitrypsin (HAT, 1 bp 1-1976, Gen- 
Bank accession number K02212) and 145 bp of a transcriptional enhancer 
from the human a , -nucroglobulin/bikunin gene (bp 2163-2308) (Fig. SA). 
Transgenes were separated from vector sequences by zonal sucrose gradi- 
ent centrifugation as described (8). Fractions containing the transgenes 
were pooled, microcentriruged through Microcon-100 filters (Amicon, 
Bedford, MA), and washed five times with microinjection buffer (5 mM 
Tris-HCl (pH 7.4), 5 mM NaCl, 0.1 mM EDTA). 

Generation of transgenic mice 

DNA containing the transgene was resuspended in microinjection buffer to 
a final concentration of 1-5 ng/ml and microinjected into mouse eggs 
(C57BL/67 X DBA/2 (B6D2) F 2 ; The Jackson Laboratory, Bar Harbor, 
ME). The surviving eggs were transplanted into oviducts of ICR (Sprague 
Dawley) foster mothers, according to published procedures (9). By 10 days 
of life, a piece of tail from the resulting animals was clipped for DNA 
analysis. Founders carrying the pl9 gene under control of the human CMV 
enhancer/chicken 0-actin promoter (Cpl9) were identified by PCR ampli- 
fication of a segment of the transgene using primers 5'-GCCCTCCTC 
C AGCCAG AGG AT-3 ' and 5 ' -CCAGCC ACCAC ATTCTG AT AGGC AGC 
CTGCAC-3'. As an internal control for the amplification reaction, primers 
for the endogenous low density lipoprotein gene were used: S'-ACCCAA 



3 Abbreviations used in this paper HAT, human aj-anti trypsin; SAA, serum amyloid 
A; IGF-1, insulin-like growth factor- 1; H&E, hematoxylin and cosin; EMH, ex- 
tramedullary hemopoiesis; AGP-1, a t -acid glycoprotein. 
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GACGTGCTCCCAGGATGA-3' and 5' -CGC AGTGCTCCTCATCTGAC 
TTGT-3'. These primers amplify a 200-bp segment of the transgene and a 
397-bp segment of the low density lipoprotein gene, respectively. To iden- 
tify founders carrying the pl9 gene under control of the HAT promoter 
(Hpl9), we used the PCR primers 5 ' -CCGTTGCCCCTCTGG AT-3 ' and 
5 '-GATTCAT ATGTCCCGCTGGTG-3 ' . As an internal control for mis 
amplification, reaction primers for the endogenous ZP3 gene were used: 
5'-CAGCTCTACATCACCTGCCA-3' and 5'-CACTGGGAAGAGACA 
CTCAG-3'. These primers amplify a 327-bp segment of the transgene and 
a 5 11 -bp segment of the ZP3 gene, respectively. PCR conditions were: 
95°C, 30 s; 60°C, 30 s; 72°C, 60 s, for 30 cycles. The resulting transgenic 
mice were kept under specific pathogen-free conditions. Experiments were 
performed following the guidelines of the Schering-Plough Animal Care 
and Use Committee. 

RNA analysis 

RNA was extracted from tissues using RNA STAT-60, following specifi- 
cations from the manufacturer (Tel-Test, Friendswood, TX). Total RNA 
(20 fig) was denatured and blotted onto Biotrans membrane (ICN Bio- 
medicals, Costa Mesa, CA). Transgene expression was assessed by hybrid- 
ization to randomly labeled (Stratagene, La Jolla, CA) pi 9 cDNA. Acute 
phase gene expression in liver was assessed by Northern blot hybridization 
of total RNA with 32 P-labeled PCR segments of the murine hemopexin 
gene (PCR primers: 5'-GGATGCCCGTGACTACCTTCGTAT-3' and 5'- 
GGGCC AGG AAACCTCTGT-3 ')» of the murine a, -acid glycoprotein 
(AGP-1; PCR -primers: S^CCAGTGTGTCT AT AACTCC ACCC-3 ' and 
5'-GACTGCACCTATCCTTTTTCCA-3 ') or of the murine haptoglobin 
gene (PCR primers: 5'-AGAGTATAGCCCAACCCTTCC-3' and 5'- 
GAG AATAGTAC AGTGCCCGAG AA-3 '). A PCR segment of the murine 
0-actin gene was amplified using specific primers purchased from Strat- 
agene, labeled as described above, and used for Northern blot 
hybridization. 

ELISA 

ELISA kits for murine IL-2 (sensitivity, <3 pg/ml), murine IL-10 (sensi- 
tivity, <3 pg/ml), murine IFN-y (sensitivity, <2 pg/ml), murine TNF-cr 
(sensitivity, <5.1 pg/ml), and murine IL-12 p40 (sensitivity, <4 pg/ml) 
were purchased from R&D Systems (Minneapolis, MN). ELISA kits for 
murine IL-6 (sensitivity, <8 pg/ml) and murine serum amyloid A (SAA; 
sensitivity, <0.23 fig/ml) were purchased from Biosource International 
(Camarillo, CA). ELISA kits for murine IL-la (sensitivity, <6 pg/ml) 
were purchased from Endogen (Cambridge, MA). Assays were performed 
according to the manufacturer's instructions. 

Levels of insulin-like growth factor- 1 (IGF-1) in mouse serum were 
determined using a RIA for human IGF-1 that also recognizes murine 
IGF-1. Serum samples were acid-ethanol extracted according to instruc- 
tions provided by the manufacturer (Nichols Institute, San Juan 
Capistrano, CA). 

Histology 

Mouse tissues were fixed by immersion in 10% phosphate-buffered for- 
malin. Formalin-fixed tissues were routinely processed at 5 /un and were 
stained with hematoxylin and eosin (H&E). The number of megakaryo- 
cytes in transgenic and nontransgenic spleens was determined by counting 
the number of megakaryocytes in at least five different optical fields for 
each spleen. 

Hematology 

Blood samples were collected from the infraorbital sinus into sterile, evac- 
uated tubes with added EDTA (Vacutainer Systems, Becton Dickinson, 
Rutherford, NJ). Hematological values were determined with an automated 
system (Cell-Dyn 3500; Abbott Laboratories, Abbott Park, TL). Platelet 
counts were performed manually when the instrument was unable to pro- 
vide accurate platelet counts due to excessive clumping or excessively 
large platelets. Blood smears were stained with modified Wright-Giemsa 
stain (Hema-Tek Stain Pack; Bayer, Elkhart, IN) using an automated 
stainer (Hema-Tek 2000; Bayer). Bone marrow smear were obtained from 
the sternum, fixed in methanol, and stained with Wright-Giemsa stains 
using a Midas II stainer (EM Diagnostics Systems, Gibbstown, NJ). 

Bone marrow transfers 

Bone marrow cells were flushed from femurs of transgenic and control 
mice under sterile conditions. Single-cell suspensions (10 million cells) 
were injected into the tail veins of lethally irradiated (1 100 rad for 5 min) 
B6D2F, mice (6-8 wk old). 
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Results 

Animals expressing pi 9 in multiple tissues are runted, are 
infertile, and die prematurely 

To express pl9 in transgenic animals, we initially used the Cpl9 
transgene (Fig. IA). The enhancer/promoter cassette used directs 
expression of the transgene to virtually all organs (10). Twenty- 
four founder mice (referred to as Cpl9) were generated; of these, 
10 died during the first 3 wk of life before data could be collected. 
Of the remaining 14 founders, 3 grew normally but 1 1 were small 
and failed to thrive (Fig. IB). Reduced body weight was evident in 
the first 10 days of life (average weight for Cpl9, 5.1 ± 1.9 g, n = 
8; controls, 8.6 ± 1.4g,n = 23; p = 0.0007). Four of the 1 1 small 
founders (founders 25, 36, 51, 88) were severely runted, appeared 
moribund, and were sacrificed before weaning. To determine 
whether there was a correlation between the appearance of mis 
phenotype and transgene expression, we performed Northern blot 
analysis of skeletal muscle RNA (Fig. 1Q. Transgene expression 
was detected in all 11 Cpl9 founders showing stunted growth, 
whereas no expression was detected in controls or in the 3 remain- 
ing, normally growing founders. Air seven expressing Cpl9 
founders that survived beyond weaning age were clearly affected 
by the expression of the transgene; all had impaired growth, a 
swollen abdomen, and ruffled fur. These animals were infertile, 
and none survived beyond 90 days of age. Thus, ubiquitous ex- 
pression of pl9 resulted in stunted growth, infertility, and death. 



Founder 




FIGURE 1. Impaired growth of Cp 1 9-transgenic animals. A, Schematic 
representation of the Cpl9 transgene with die human CMV enhancer 
(hCMV), chicken 0-actin promoter (c 0-actin), the murine pl9 cDNA, and 
the rabbit 0-globin polyadenylation signal (r globin(A)). B, Small body 
weight and stunted growth of Cpl 9-transgenic mice. Data were collected 
from 1 1 expressing Cpl9 founders and from 69 nontransgenic littermates 
(-). Error bars, SD. C, Northern blot analysis of skeletal muscle RNA 
from transgenic founders and nontransgenic littermates (-) hybridized 
with pl9 cDNA. The arrow indicates the major transcription product of the 
transgene. 
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Cpl9-transgenic mice develop inflammation in multiple tissues 
and increased extramedullar hemopoiesis (EMH) 

Tissues were collected from 10 of the 1 1 Cpl9 founders described 
in Fig. 1, routinely fixed, processed to slides, and examined mi- 
croscopically. Tissues collected from age- and gender-matched 
nontransgenic littermates were used as reference. Minimal to mod- 
erate inflammation (Fig. 2), sometimes associated with epithelial 
hyperplasia, was detected in all 10 Cpl9 animals (age 15-85 days) 
in one or multiple sites, including the esophagus, stomach, small 
intestine, large intestine, skin, lungs, liver, and pancreas. In gen- 
eral, the inflammatory infiltrates consisted of lymphocytes and 
macrophages, sometimes accompanied by varying numbers of 
neutrophils. In the esophagus (Fig. 2, A and B), stomach, and in- 
testines (Fig. 2Q, the infiltrates were minimal to moderate, mul- 
tifocal, and primarily localized in the epithelium, lamina propria, 
and submucosa and were often associated with epithelial hyper- 
plasia. The hyperplasia resulted in lengthening of intestinal glands 
and shortening or loss of villi in the small intestine (Fig. 2C). 
Inflammation in the skin was multifocal, involved the epidermis 
and dermis, and was sometimes associated with acanthosis and/or 
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ulceration (Fig. 2D). In the lungs (Fig. 2, E and F), findings con- 
sisted f peribronchial/perivascular mononuclear cell infiltrates; 
neutrophils were n t a prominent component of the pulmonary 
inflammation. In addition to the inflammation, the epithelium lin- 
ing bronchi and bronchioles often had minimal to mild hyperpla- 
sia, sometimes with eosinophilic intracytoplasmic material. In- 
flammation in the liver consisted of minimal to mild periportal 
inflammatory infiltrates (data not shown). Pancreatic inflammatory 
infiltrates were minimal and consisted primarily of lymphocytes 
(data not shown). 

In addition to inflammation, a few additional changes were 
noted. Minimal to mild EMH was observed in the liver and in 
medullary cords of lymph nodes, and mild to marked EMH was 
observed in the spleen of all 10 Cpl9 founders examined (Fig. 
2H). The splenic capsule was sometimes thickened (Fig. 2H). The 
cortex of lymph nodes was sometimes sparsely cellular and lacked 
secondary follicles. Microscopic changes were not observed in the 
skeletal muscle, heart, kidney, and brain, despite high levels of 
transgene expression in these organs (Fig. 1 and data not shown). 



FIGURE 2. Multiorgan inflammation in 
Cpl9 transgenic mice. A, Transgenic 
esophagus (magnification, X80). Inflam- 
mation in the epithelium, lamina propria, 
and submucosa. B, Higher magnification 
(X320) of A, showing a mixture of lym- 
phocytes, macrophages, and neutrophils in 
the inflammatory infiltrate. C, Small intes- 
tine from pl9-transgenic mouse (magnifi- 
cation, X40). Arrowheads, Focal inflam- 
mation with epithelial hyperplasia. D, 
Transgenic skin from ear (magnification, 
XI 60). Lymphocytes, macrophages, and 
neutrophils in the dermis and epidermis, 
with focal epithelial necrosis and ulceration 
(arrowheads). E, Transgenic lung (magni- 
fication, XI 60). Perivascular lymphocytes 
and macrophages. F, Transgenic lung 
(magnification, XI 80). Peribronchial infil- 
trate of lymphocytes. There is also slight 
epithelial hyperplasia. G, Wild-type spleen 
(magnification, X80) showing normal red 
and white (W) pulp. H, Transgenic spleen 
(magnification, X80). Marked extramedul- 
lary hemopoiesis throughout the expanded 
red pulp. Only a small amount of white 
pulp is visible in this field because of the 
expanded red pulp. The capsule is also 
thickened (arrowheads). 
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Cpl9 mice are anemic and have increased numbers of 
neutrophils in the peripheral blood 

The effect of pi 9 on peripheral blood was analyzed in three inde- 
pendent founders and compared with data from three nontrans- 
genic littermates. All Cpl9 mice examined had mild to moderate 
microcytic hypochromic anemia. The mean hematocrit values in 
the Cpl9 animals were 37-70% lower than mat of controls (Cpl9, 
23.9 ± 8.3%; controls, 47 ± 2.4%, p = 0.029). Microscopic anal- 
ysis f blood smears revealed erythrocytes of abnormal shape 
(poikilocytosis) and/or fragments of erythrocytes (schistocytosis). 
Slight to moderate polychromasia and variation in the size of 
erythrocytes (anisocytosis) suggested the presence of regeneration. 
The presence of microcytosis (small average RBC size) and hy- 
perchromia (diminished erythrocyte hemoglobin concentration) 
could be a direct effect of pi 9 activity or a secondary effect of the 
multiorgan inflammation in these animals. 

The number of neutrophils in the. blood was increased 3- to 
1 1 -fold over the highest neutrophil count in control animals (Table 
I). This increase in peripheral blood neutrophils, which is typical 
of inflammation, was associated with infiltration of neutrophils 
into various tissues. Accordingly, the myeloid component (as as- 
sessed by the granulocytic/erythroid ratio) was increased in the 
bone marrow relative to the erymroid component Interestingly, 
the number of circulating platelets in Cpl9 animals was slightly 
increased over the number found in control littermates (Cpl9, 
1708 ± 599; control, 821 ± 32 X 10 3 cells/jil; p = 0.12). Al- 
though these differences were not statistically significant, the pres- 
ence of excessive clumping and platelets of unusual morphology in 
Cpl9 blood smears suggested increased platelet production. To 
determine whether the increased number of platelets in Cpl9 
founders was caused by accelerated platelet production by 
megakaryocytes or by an increase in the number of megakaryo- 
cytes, we examined the spleen and bone marrow of Cpl9 mice 
microscopically. In these tissues, megakaryocytes were enlarged, 
but their numbers were not increased (Cpl9 (n = 11), 7.5 ± 5.8; 
control (n = 5), 8.1 ± 3.2 per optical field; p = 0.81), suggesting 
that the mild thrombocytosis observed in Cpl9 blood resulted from 
accelerated production of platelets by megakaryocytes. 

Cpl9-transgenic mice express high levels of proinflammatory 
cytokines, but not IL-6 

T test whether the systemic inflammation seen in Cpl9 animals 
was associated with altered expression of ^inflammatory cyto- 
kines, we determined the concentrations of IL-1, TNF-a, IL-6, 
IFN-y, and IL-12p40 in the peripheral blood. Concentrations of 
TNF-a were significantly increased in 7 of 1 0 founders tested (Fig. 
3), and concentrations of IL-1 were increased in 2 of 3 founders 
tested (292 and 518 pg/ml). IL-1 concentrations in serum of 
unchallenged control littermates ranged from 0 to 70 pg/ml. The 
levels of TNF-a and IL-1 observed in Cpl9 mice were within 
the range of those observed in control mice after induction of 



Table I. Analysis of leukocyte populations in blood of Cpl9 and 
control animals 0 
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Cell Type 


Controls 


CpI9 Founders 


Neutrophils 


0.60 ± 0.14 


4.71 ± 3.24» 


Lymphocytes 


4.91 ± 1.40 


2.79 ± 1.47* 


Monocytes 


0.29 ± 0.24 


0.69 ± 0.6 


Eosinophils 


0.11 ±0.02 


0.09 ± 0.04 


Basophils 


0.002 ± 0.005 


0.09 ±0.11 
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4 Values are expressed as 10 3 ceUs/^1 Results for Cpl9 founders (n ° 3) i 
nontrsnsgenic controls (« ■« 3) are expressed as mean ± SD. *, p < 0.05. 



wt Cp19 

FIGURE 3. Cytokine expression in Cpl9 founders. Concentrations of 
TNF-a (A), IFN-7 (B) and p40 (C) were determined in serum of Cpl9 
founders and wild-type (wt) animals by ELISAs specific for the selected 
cytokine; Bars in A represent the average TNF-a concentrations found in 
wild-type and Cpl9 animals (p = 0.008). 



acute inflammation by LPS (M. T. Wiekowski, unpublished 
observation). 

In addition, concentrations of IFN-y were increased in 3 of 13 
founders tested (Fig. 3). Another cytokine involved in an inflam- 
matory response is IL-12, a heterodimeric cytokine formed by as- 
sociation of the subunits p40 and p35 (6, 11, 12). Therefore, we 
determined the concentration of p40 in serum of eight Cpl9 
founders. With the exception of a single Cpl9 founder, the levels 
of p40 did not differ from controls (Fig. 3Q. This indicated that 
overexpression of pl9 in Cpl9 animals did not elevate the con- 
centrations of circulating p40. 

Surpri singly, IL-6 protein could not be detected in the peripheral 
blood of Cpl9 animals, despite the high circulating concentrations 
of TNF-a and IL-1, cytokines that directly induce IL-6 production 
(13). This was especially surprising considering the feet that IL-6 
is expressed during systemic inflammation (14, 15). 

Acute phase protein genes are chronically expressed in the 
livers of Cpl9 animals 

During inflammation, genes encoding acute phase proteins are up- 
regulated in the liver. Because Cpl9 mice exhibit a phenotype 
characterized by systemic inflammation, we investigated whether 
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the expression of acute phase genes was altered in their livers. As 
shown in Fig. 44, the acute phase genes AGP-1, haptoglobin, and 
hemopexin were, highly expressed in the liver of all four transgenic 
f unders tested, whereas no expression of these genes was detected 
in nontransgenic livers. T test whether the concentration of acute 
phase proteins was also increased in the circulation, blood from 
Cpl9 founders was tested for the presence of SAA. The average 
level of circulating SAA (248 ± 159 ftg/ml, n = 10) was signif- 
icantly increased over the levels found in controls (8 ± 5.1 jtg/ml, 
/I = 8,p = 0.05) (Fig. AS). These results indicate that acute phase 
liver genes are chronically expressed in Cpl9 animals. 

Impaired growth and infertility of Cpl9 animals are associated 
with decreased circulating concentrations oflGF-J 
Growth impairment caused by chronic inflammatory conditions 
(16, 17) or by overexpression of cytokines in transgenic animals 
(1 8) is associated with a decrease in the circulating levels of IGF-1 , 
a hormone that regulates postnatal growth (19) and influences fer- 
tility (20). To test whether the impaired growth of Cpl9 animals 
was associated with reduced levels of IGF-1, serum samples of 
transgenic animals were assayed for IGF-1. In all founders tested, 
the amount of IGF-1 in the serum was reduced to 12-14% of the 
concentrations found in nontransgenic, age-matched littermates 
(Table II). This suggests that overexpression of pl9 may directly 
or indirectly reduce IGF-1 concentrations, resulting in unpaired 
growth and infertility of transgenic animals (20). 

Liver-specific expression of pi 9 in transgenic mice does not 
result in a detectable phenotype 

The infertility and premature death seen in Cpl9 transgenic ani- 
mals precluded further analysis of the biological function of pl9. 
Therefore, we attempted to generate another transgenic model ex- 
pressing pl9 using a tissue-specific promoter. To this end, we 
made transgenic animals carrying the pl9 gene under the control 
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FIGURE 4. Expression of acute phase liver genes in Cpl9 animals. A, 
Total RNA (20 jig) extracted from the liver of Cpl9-transgenic animals 
(founders 89, 78, and 95; 35-85 days old) and nontransgenic littermates 
(-) was probed with radiolabeled PCR fragments for the murine genes 
AGP-1, hemopexin, and haptoglobin. Equal loading of RNA for each sam- 
ple was verified by reprobing with a radiolabeled PCR fragment for the 
murine /J-actin gene after the blot had been stripped B, Levels of the acute 
phase protein SAA in serum of 10 Cpl9 founders (age 16 days-3 mo) and 
nontransgenic animals (wild-type (wt), n = 8;p = 0.05). Bar represents the 
average SAA level in Cpl9 animals. 



Table II. Serum IGF-1 levels are reduced in pl9-transgenic mice 9 





Age 


IGF-1 


%of 


Founder 


(days) 


(ngtal) 


Control 


36 


15 


25 


12.1 


89 


31 


28 


12.2 


60 


54 


59 


14.5 



" Absolute levels of IGF-1 in serum of transgenic mice were determined and 
compared with those of age-matched control littermates (n = 6). 



of the liver-specific human ^-antitrypsin promoter (Hp 19 ani- 
mals). We generated eight founders, from which seven transgenic 
lines were derived Transgene expression was detected by North- 
em blot analysis in all mice analyzed, but not in controls (Fig. SB). 
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FIGURE 5. Transgenic expression of pl9 in liver does not lead to in- 
flammation. A, Schematic representation of the Hpl9 transgene with HAT, 
the SV40 polyadenylation signal (SV40 (A)) and a transcriptional enhancer 
from die human or l -inicroglobulin/bikunin gene (AMBP). B, Northern blot 
analysis of liver RNA from Hpl9-transgenic lines and nontransgenic lit- 
termates (-) hybridized with cDNA for pl9. For comparison, skeletal 
muscle RNA from a Cpl9 founder (+) was included. C and D, H&E- 
stained liver from control (Q and transgenic (D) Hp 19 animal (magnifi- 
cation, X75). Normal appearance of liver with central vein (arrows) and 
several portal areas. 
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The two highest expressing lines were expanded, and a detailed 
analysis of growth patterns, blood parameters, expressi n of acute 
phase genes, and histology of several organs was performed Sur- 
prisingly, these transgenic animals grew normally and had n signs 
f hepatic (Fig. 5, C and D) or systemic inflammation (data not 
shown); In addition, we were unable to detect any changes in the 
peripheral blood cell composition or in the expression of acute 
phase genes (data not shown). These results suggest that there are 
requirements for the biological activity of pi 9 that are not satisfied 
by its production in liver cells. 

Transplantation of transgenic hemopoietic cells into wild-type 
mice results in the development of multiorgan inflammation 

The absence of a phenotype in mice overexpressing pl9 in liver 
and the observation by Oppmann et al. (1) that pl9 is expressed by 
a subset of hemopoietic cells led us to examine whether overex- 
pression of p 19 by hemopoietic cells would be sufficient to induce 
a phenotype similar to the one described for Cpl9 animals. We 
bserved previously that the CMV/0-actin promoter targets ex- 
pression of transgenes to a variety of cells within the immune 
system, including T and B lymphocytes and dendritic cells (21). 
Thus, we generated a new set of Cpl9 founders and transferred 
their bone marrow (Fig. 6A) into lethally irradiated wild-type re- 
cipient mice. The health of these Cpl9 bone marrow recipients 
deteriorated within 35-66 days posttransfer, as judged by the ap- 
pearance of ruffled fur and inflamed skin around the snout and 
ventral neck. In contrast, recipients of wild-type bone marrow did 
not develop an obvious phenotype. Analysis of the bone marrow 
recipients showed pl9 expression in the bone marrow (data not 
shown) and spleens of Cpl9, but not control, bone marrow recip- 
ients (Fig. &4). In Cpl9 bone marrow recipients, the acute phase 
liver genes hemopexin and AGP-1 were highly expressed (not 
shown), and die serum levels of SAA were elevated (Fig. 6B% but 
again no IL-6 could be detected in circulation (data not shown). As 
in Cpl9 donor animals, skin, lung, liver, and the gastrointestinal 
tract were inflamed in recipients of Cpl9 bone marrow, but not in 
wild-type bone marrow recipients. PerivasCTilar/peribronchial in- 
filtrates of lymphocytes and macrophages and slight epithelial hy- 
perplasia were observed in the airways of Cpl9 bone marrow re- 
cipients (Fig. 6, C and D). These results indicate that pl9 produced 
by bone marrow cells is biologically active and can induce a phe- 
notype of systemic inflammation similar to mat obtained by ubiq- 
uitous expression of pl9. 

Discussion 

T characterize the biological activity of pl9, we expressed it in 
transgenic mice. Widespread expression of pl9 led to a phenotype 
of systemic inflammation, impaired growth, and premature death. 
Tissue-specific expression of pl9 yielded two outcomes. Animals 
expressing pl9 in liver were fertile, had a normal life span, and did 
not present signs of systemic or localized inflammation. In con- 
trast, animals expressing pl9 in bone marrow-derived cells pre- 
sented a phenotype of systemic inflammation mat was similar to 
the ne observed when pl9 was expressed ubiquitously. These 
results indicate that hemopoietic expression of pi 9 is necessary 
and sufficient to induce systemic inflammation, impaired growth, 
and premature death, phenotypes that are strikingly reminiscent of 
those observed in mice overexpressing cytokines structurally re- 
lated to pl9 (Table HI). For example, ranting or failure to thrive 
has been reported for transgenic animals expressing IL-6 in skin 
(22), astrocytes (23), neurons (18), and in the airway epithelium 
(24); and for transgenic animals expressing oncostatin M in the 
skin (25). Similar to observations in mice overexpressing IL-6, 
Cpl9 mice had reduced levels f IGF-1, which may have contrib- 




FIGURE 6. Inflammation and an acute phase response in wild-type re- 
cipients of Cpl9-transgenic bone marrow. A, Northern blot analysis of pl9 
expression in spleens of donor animals for Cpl9-transgenic and nontrans- 
genic bone marrow (-) and recipients of bone marrow from Cpl9 or non- 
transgenic (-) bone marrow. B, Levels of the acute phase protein SAA in 
serum of recipients of Cpl9 bone marrow (Cpl9; n = 5) or wild-type bone 
marrow (wt; n » 5). Bars represent the average level of SAA in each 
group. C and D, H&E-stained lung from nontransgenic (C) and Cpl9 trans- 
genic (D) bone marrow recipients (magnification, X37.2). Arrows show 
perivascular/peribronchial infiltrates of lymphocytes and macrophages. 
There is also slight epithelial hyperplasia in the airways. 



uted to their failure to thrive and their reduced fertility (18). It is 
unclear whether the reduced levels f IGF-1 were directly caused 
by pl9 or caused by other factors secreted during systemic 
inflammation. 

Other striking findings in Cpl9 animals were the inflammation 
affecting multiple organs and the high levels of circulating TNF-ot 
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Table ffl. Comparison of phenotypes ofp!9- t IL-12-, IL-6-. and G-CSF-transgenic mice 



Phenotype pl9 IL-12 IL-6 O-CSF Ref. 



Inflammation Yes Yes Yes° NR* 12, 26, 37 

Impaired growth Yes NR Yes NR 22-24 

Anemia Yes NR Yes NR 32 

Reduced IGF-1 levels Yes NR Yes NR 38 

Acute phase response Yes NR Yes NR 23, 26,39,40 

Thrombocytosis Yes c NR Yes NR 26 

Neutrophilia Yes NR NR Yes 5, 26 



° m lL-6-transgcnic animals, inflammaticm is observed only upon transgene expression in liver or plasma cells. 

* NR. Information was not reported. 

* No significant increase in platelet numbers {p > 0.05). 



and IL-1 . Similar findings have been reported in transgenic mice 
expressing the p35/p40 IL-12 heterodimer in brain (12). Inflam- 
mati n, usually in the form of mesangioproliferative glomerulo- 
nephritis, has also been observed in mice overexpressing IL-6 in 
liver (26) and plasma cells (27). This condition, however, usually 
develops after several months of chronic exposure to IL-6, pre- 
sumably as a function of the high circulating levels of Igs. This 
localized iriflarnmation differs from the systemic inflammation ob- 
served in CP19 mice, suggesting that the mechanisms mediating 
inflammation in the Cpl9 mice may be different from those in- 
duced by IL-6. 

Neutrophilia has also been shown as a result of transgenic ex- 
pression of IL-6 (26) and G-CSF (5, 28), another closely related 
cytokine. However, G-CSF-induced neutrophilia was not associ- 
ated with other phenotypic changes as described here for Cpl9 
animals. Interestingly, the degree of EMH observed in the spleen 
f Cpl9 animals was disproportionate to the systemic inflamma- 
tion seen in these animals, raising the intriguing possibility that 
pl9, like G-CSF, may have a direct effect on hemopoiesis (29). 
Likewise, a direct negative effect of pl9 on erythropoiesis cannot 
be ruled out, because the Cpl9 mice are anemic. Anemia has also 
been observed in animals overexpressing IL-6 (32) and in animals 
repeatedly injected with IL-12 (1 1). An indirect mechanism con- 
tributing to the anemia observed in the Cpl9 mice could be the 
dysregulated cytokine production. For instance, TNF-a and IL-1, 
cytokines that are elevated in the Cpl9 mice, have been shown to 
play a role in anemia of chronic disorders (35, 36), a microcytic 
hypochromic anemia often seen in humans with infl a mm atory 
disease. 

In Cpl9 animals, acute phase liver genes like AGP-1, haptoglo- 
bin, hemopexin, and S AA were chronically expressed, and platelet 
production was increased Because IL-6 is the primary inducer of 
an acute phase response (reviewed in Ref. 30) and functions as a 
megakaryocyte differentiation factor (31, 32), the phenotype de- 
scribed here could be caused by pl9-mediated up-regulation of 
IL-6 expression. However, neither IL-6 protein nor IL-6 mRNA 
(data not shown) could be detected in Cpl9-transgenic mice. These 
results suggest that pl9 may function directly in the induction of 
an acute phase response and megakaryocyte differentiation. 

In vitro, pl9 is secreted in complex with the p40 subunit of 
IL-12. This pl9-p40 heterodimer has now been named IL-23 (1). 
Apparently, this association is not only necessary for secretion but 
also seems essential for its biological function, because purified 
pl9 is biologically inert in vitro. These findings have important 
implications for the interpretation of the phen types described 
here. Expression fp40 is normally restricted to monocytes, mac- 
rophages, and dendritic cells in the mouse (33). We hypothesize 
that the phenotype observed in mice expressing pl9 in hemopoi- 
etic cells is the function of the simultaneous production of p40, and 
we suggest that the absence of a phenotype in the animals express- 



ing pl9 in liver is due to lack of coexpression of p40 (34). Our 
inability to detect p40 in the serum of Cpl9 animals may indicate 
either that pl9/p40 complexes are found at very low levels in cir- 
culation or that they act locally, in an autocrine or paracrine man- 
ner. It is also possible that pl9 produced by hemopoietic cells has 
biological activities that are independent of its dimerization 
with p40. 

TNF-a and IL-1 are also known inducers of IL-6 expression 
( 1 3). Thus, it was surprising that no IL-6 could be detected in Cp 1 9 
animals despite the high concentrations of circulating TNF-a and 
IL-1. This intriguing and unexpected result suggests that pl9 may 
have a negative effect on IL-6 expression by a yet unidentified 
mechanism. 

Overexpression of pl9 in Cpl9 animals did not always result in 
an increase of EFN-? expression. This in vivo result differs from 
the in vitro results obtained by Oppmann et al. (1), who reported 
induction of IFN-7 by T-cells after IL-23 (pl9/p40) treatment 
Unfortunately, this discrepancy could not be satisfactorily resolved 
because of the short life span of the transgenic mice, which pre- 
cluded analysis of specific immune responses. Thus, the function 
of pl9 on expression of IFN-7 in vivo and its functional relation- 
ship to IL-12 remains to be determined in mice deficient for pl9 
and in transgenic mice expressing pl9 conditionally. 

Our results show that overexpression of pl9 in vivo induces a 
phenotype resembling that observed on overexpression of the 
structurally related cytokines DL-12, IL-6, and G-CSF. Further 
studies will be necessary to understand how expression of pl9 
leads to these phenotypes and the molecular nature of the recep- 
tors) mediating these responses. 
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